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PREFACE. 



In the following exposition of the Calcnlus of Finite Dif- 
ferences, particnlax attention has been paid to the connexion 
of its methods with those of the Differential Calcnlus — sl 
connexion which in some instances involves far more than 
a merely formal analogy. 

Indeed the work is |in some measure designed as a sequel 
to my Treatise on Differentidl^;JE'^^ And it has been 

composed on the same plan^""^'' ;"^ ' 

Mr Stirling, of Trinity College, Cambridge, has rendered 
me much valuable assistance in the revision of the proof- 
sheets. In oflfering him my best thanks for his kind aid, I 
am led to express a hope that the work will be found to be 
free from important errors. 

GEOEGE BOOLE. 



Qubeh's College, Gobs, 
April 1%, i860. 



CONTENTS. 



PAas 
CHAPTER I. 

KATUBE OP THE CALCULUS OP FINITE DIPPERENCES . 1 

CHAPTER 11. 

DIBECT THEOREMS OP PINITE DIPPERENCES . . 4 

Differences of Elementary Functions, 6. Expansion by factorials, ii. 

Generating Functions, 14. Laws and Halations of By A and -7- , 16. 

Differences of o, 20. Secondary Form of Maclaurin's Theorem, 22. 
Exercises, 25. 

CHAPTER III. 

OP INTERPOLATION . , . ^ ^% 

Nature of the Problem, 28. Given values equidistant, 29. Not equi- 
distant, 33. Application of Lagrange's Theorem, 35. Areas of 
Curves, 36. Application to Statistics, 41. Exercises, 44. 

CHAPTER IV. 

FINITE INTEGRATION . . . 45 

Meaning of Integration, 45. Periodical Constants, 47. Integrable Forms, 
48. Summation of Series, 56. Connexion of Methods, 59. Condi* 
tions of extension of direct to inverse forms, 61. Exercises, 63. 

CHAPTER V. ' 

CONVERGENCY AND DIVERGENCY OP SERIES . . ^^ 

Definitions, 65. Fundamental Proposition, ^d. First derived Criterion, 
69. Supplemental Criteria, 71. Exercises, 79. 

CHAPTER VI. 

THE APPROXIMATE SUMMATION OP SERIES . . 80 

Development of S«„ 80. Bernoulli's Numbers, 83. Applications, 84. 
Limits of the Series for Stt*, 91. Otherforms of 2if., 94. Exercises, 97. 



CONTENTS. 

PAGE 

CHAPTER VII. 

EQUATIONS OP DIFFERENCES . . • 99 

Genesis, 99. Linear Equations of the first orders, loi. Linear Equa- 
tions with constant Coefficients, 106. Symbolical Solution, 107. 
Equations reducible to Linear Equations with constant Coefficients, 
114. Analogy with Differential Equations, 118. Fundamental 
Connexion with Differential Equations, 12U Exercises, 123. 

CHAPTER VIII. 

EQUATIONS OF DIFFERENCES OF THE FIRST ORDER BUT NOT 

OF THE FIRST DEGREE . . . .125 

Theory of these Equations, T25. Solutions derived from the Variation of 
a Constant, 128. Law of Beciprocity, 132. Principle of Continuity, 
137. Ezerdses, 150. 

CHAPTER IX. 

LINEAR EQUATIONS WITH VARIABLE COEFFICIENTS . . 151 

Solution of Linear Equations of Differences in series, 158. Finite Solu- 
tion of Equations of Differences,^ i6i. Binomial Equations, 163. 
Exercises, 178. 

CHAPTER X. 

OF EQUATIONS OF PARTIAL AND OF MIXED DIFFERENCES, AND 

OF SIMULTANEOUS EQUATIONS OF DIFFERENCES . 179 

Equations of Partial Differences, 182. Method of Grenerating Functions, 
191. Equations of Mixed Differences, 193. Simultaneous Equations, 
905. Exercises, 206. 

CHAPTER XI. 

OF THE CALCULUS OF FUNCTIONS . . 208 

Direct Problems, 209. Periodical Functions, 215. Functional Equations, 
a 1 8. Exercises, 229. 

CHAPTER XIL 

GEOMETRICAL APPLICATIONS . . . 232 

Exercises, 241. 

Miscellaneous Examples, 242. 

Answers to the Exercises . . . . . . 245 



FINITE DIFFERENCES. 



CHAPTER I. 



NATURE OF THE CALCULUS OF FINITE DIFFERENCES. 

1. The Calculus of Finite Diflferences may be strictly 
defined as the science which is occupied about the ratios of 
the simultaneous increments of quantities mutually dependent. 
The Differential Calculus is occupied about the limits to which 
such ratios approach as the increments are indefinitely dimi- 
nished. 

In the latter branch of analysis if we represent the inde- 
pendent variable by a?, any dependent variable considered as 
a function of a? is represented primarily indeed by (a?), but, 
when the rules of differentiation founded on its functional 
character are established, by a single letter, as u. In the 
notation of the Calculus of Finite Differences these modes of 
expression seem to be in some measure blended. The de- 
pendent function of a? is represented by w^., the suflSx taking 
the place of the symbol which in the former mode of notation 
is enclosed in brackets. Thus, if t«« = {x) then 

and so on. But this mode of expression rests only on a con- 
vention, and as it was adopted for convenience, so when con- 
venience demands it is laid aside. 

The step of transition firom a function of x to its increment, 
and still nirther to the ratio which that increment bears to 
the increment of a?, may be contemplated apart from its sub- 
ject, and it is often important that it should be so contem- 
plated, as an operation governed by laws. Let then A pre- 
fixed to the expression of any function of a?, denote the 
operation of taking the increment of that function correspond- 

B. F.D, :^ 1 



2 NATURE OF THE CALCULUS [CH. I. 

ing to a given constant increment Aa? of the variable ar. 
Then, representing as above the proposed function of x by w^r, 
we have 

and 



Aw^ u^^ - u„ 



Ax Ax 

Here then we might say that as ^ is the fundamental ope- 
ration of the Differential Calculus, so -r— is the fundamental 

LiX 

operation of the Calculus of Finite Differences. 

But there is a difference between the two cases which 

ought to be noted. In the Differential Calculus -j- is not a 

true fraction, nor have du and dx any distinct meaning as 
symbols of quantity. The fractional form is adopted to 
express the limit to which a true fraction approaches. Hence 

-7- , and not d, there represents a real operation. But in the 

Au 
Calculus of Finite Differences -r— ^ is a true fraction. Its nu- 

Ax 

merator Au^. stands for an actual magnitude. Hence A might 
itself be taken as the fundamental operation of this Calculus, 
always supposing the actual value of Ax to be given ; and the 
Calculus of Finite Differences might, in its symbolical charac- 
ter, be defined either as the science of the laws of the operation 
A, the value of Ax being supposed given, or as the science of 

the laws of the operation -t-- . In consequence of the fanda- 

t^X 

mental difference above noted between the Differential Calcu- 
lus and the Calculus of Finite Differences, the term Finite 
ceases to be necessary as a mark of distinction. The former 
is a calculus of limits, not of differences. 

2. Though Ax admits of any constant value, the value 
usually given to it is imity. There are two reasons for this. 

First, the Calculus of Finite Differences has for its chief 
subject of application the terms of series. Now the law of a 
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series, however expressed, has for its ultimate object the deter- 
mination of the values of the successive terms as dependent 
upon their numerical order and position. Explicitly or im- 
plicitly, each term is a function of the integer which ex- 
{)resses its position in the series. And thus, to revert to 
anguage familiar in the Differential Calculus, the inde- 
pendent variable admits only of integral values whose com- 
mon difference is unity. In the series of terms 

X, A, o, 4,... 

the general or a?*** term is a^. It is an explicit function of a?, 
but the values of x are the series of natural numbers, and 
Aa?=l. 

Secondly. When the general term of a series is a fiinction 
of an independent variable t whose successive differences are 
constant but not equal to unity, it is always possible to 
replace that independent variable by another, a?, whose com- 
mon difference shall be unity. Let (^) be the general term 
of the series, and let A* = A ; then assuming ^ = Aa? we have 
A^ = AAaj, whence Aa? = 1. 

Thus it suffices to establish the rules of the calculus on the 
assumption that the finite difference of the independent 
variable is unity. At the same time it will be noted that this 

assumption reduces to equivalence the symbols -^ and A. 

We shall therefore in the following chapters develope the 
theory of the operation denoted by A and defined by the 
equation 

But we shall where convenience suggests consider the more 
general operation 



Aa; h 



where Lx = h. 



1—2 



( 4 ) 



CHAPTEE IL 

DIRECT THEOREMS OF FINITE DIFFERENCES. 

1. The operation denoted by A Is capable of repetition. 
For the diflference of a function of a?, being itself a function of 
a?, is subject to operations of the same kind. 

In accordance with the algebraic notation of indices, the 
diflference of the diflference of a function of x, usually called 
the second diflference, is expressed by attaching the index 2 to 
the symbol A. Thus 

AAw« = AV. 



In like manner 



and generally 



AAV = A«i^. 



'X9 



AA*-^«. = AX (1), 

the last member being termed the n^ diflference of the function 
u^. If we suppose u^ = x^, the successive values of w, with 
their successive diflferences of the first, second, and third orders 
will be represented in the following scheme : 

Values of a? 1 2 3 4 5 6... 



w« 


1 


8 


27 


64 


125 


216... 


Aw^ 


7 


19 


37 


61 


91... 




AX 


12 

• 


18 


24 


30... 






AX 


6 


6 


6 ••• 









It may be observed that each sum of diflferences may either 
be formed from the preceding sum by successive subtractions 
in accordance with the definition of the symbol A, or calcu- 
lated from the general expressions for Au^ A\ &c. by assign- 
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ing to X the successive values 1, 2, 3, i&c. Since w<, = a?', we 
shall have 

Aw« = (a;+ l)*-a^= 3a? + 3a; + 1, 

AX = A(3a?+3a5 + l)=6a; + 6, 

AX = 6- 

It may also be noted that the third differences are here con- 
stant. And generally if u^^ he a rational and integral junction 
(^ X of the vl^ degree^ its nf^ differen.ces wiU be constant. 
For let 

Ug, = aa^ + Jcc""* + &C.J 

then 

Au„ = a{x + l)*+h{x + 1)"-^ 

--ax'''- hx"^^ 

= anx""'^ + JjOj*"* + h^af'^ + &c., 

Jj, Jj, &c., being constant coefficients. Hence Au„ is a 
rational and integral function of a? of the degree w— 1. Re- 
peating the process, we have 

AV = an (n- 1) a;*-"+ 0,0^'^+ C^ar^ + &c., 

a rational and integral function of the degree n— 2 ; and so on. 

Finally we shall have 

A"Waj = an (n — 1) (n — 2) ... 1, ^ 
a constant quantity. 

Hence alsp we have 

A*a?"=1.2...n (2). 

2. While the operation or series of operations denoted 
by A, A', ... A* are always possible when the subject function 
Ug. is given, there are certain elementary cases in which the 
forms of the results are deserving of particular attention, and 
these we shall next consider. 
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Differences of Elementary Functions. 
1st. Let w. = a? (oj — 1) (a: — 2) ... (a? — w+ 1). 
Then by definition, 
AM,= (aj+l)a?(a?— l)...(a?— m+2)— a:(a:— l)(a>-2)...(a:— w+l) 
= ?niB(a?— 1) (a — 2) ... (a? — w + 2). 

When the factors of a continued product increase or de- 
crease by a constant difference, or when they are similar 
functions of a variable which, in passing from one to the 
other, increases or decreases by a constant difference, as in 
the expression 

sin a? sin (a: + h) sin (a? + 2A) ... sin {a? + (w — 1) A}, 

the factors are usually GaiX\&dL factorials^ and the term in which 
they are involved is called a factorial term. For the particular 
kind of factorials illustrated in the above example it is com- 
mon to employ the notation 

a;(a?-l)... (a?-w + l) =a?t"*> (1), 

doing which, we have 

Aaj^"*) = wajt"*-') (2). 

Hence, a^"*^ being also a factorial term, 

AV"') = w(w-l)a;<"'-*>, 
and generally 

A*a:<"*> = w(7?i-1)... (m-w + l)a;^"'"*> (3). 

2ndly. -^^^.- ^^^^^y^^^^^iy 

Then hj definition, 

. ^ 1 1 

"• (aj+1) (a;+2) ... (a!+»n) x{x + \) ...{x+m-l) 

= (A n 1 

Vaj+w x) (aj + 1) (aj + 2) ... (a+m— 1) 

"^ f4) 

a?(aj+l)... (aj + w) ^ '* 
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Hence adopting the notation 

x{x+l) ... {x + ni'-l) ' 

we have 

Aa?^-^) = -maj^"^-^> (5). 

Hence by successive repetitions of the operation A, 

AV~) = -w(-w-l)... (-w-w + l)ar~"*» 

= (-l)*m(m + l) ... (m + n - 1) a;t"^"*> (6), 

and this may be regarded as an extension of (3). 

3rdly. Employing the most general form of factorials, 
we find 

Aw^W^^j • • • W«_m+i = V^x+t "" ^«-m+i) X ^x^x-t * * * ^x-m+i \*)f 

A ^ =r ^«"^^«* (8), 

^x^x+t • • • ^a4.m_i ^«^«+i • • • ^efSM 

and in particular if w^, = aa? + J, 

Aw«w^i ... w^^j = amu^u^^ ... w«^«^^ (9), 

A ^ ^^5^^— (10). 

In like manner we have 

AlogM^ = logw^,-logw, = log-p. 

To this result we may give the form 

A log«. = log (l +^) (11). 



So also 



A log Kw^i ... w^^J = log -^^!^ (12). 



"x~«n+i 



4thly. To find the successive differences of a*. 
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We have 

= (a-l)a' (13). 

Hence 

AV = (a-l)*a*, 
and generally, 

AV=(a-l)*a' (14). 

Hence also, since a"** = (0*^ ^^ ha^e 

A*a"^ = (a'*-l)*a"^ (15). 

Sthly. To deduce the successive differences of sin {cujc + h) 
and cos {ax + J). 

A sin (oic + J) = sin (oa? + J + a) — sin [ax + b) 

= 2sin-- cos (aic + J + rt ) 

= 2sin- sin f akc + oH — - — 1. 

By inspection of the form of this result we see that 

A'sin(aa; + J) = r2sin-j sin (aa? + i + a + w) (16). 

And generally, 

A'^sin(aa? + J)=(2sin|ysin|aa; + J + ^^-^^^ 

In the same way it will be found that 

. A* cos (aa? + 6) = ^2 sin|j cos laaj + J + ^ o ["«(18). 

These results might also be deduced by substituting for the 
sines and cosines their exponential values and applying (15). 

3. The above are the most important forms. The follow- 
ing are added merely for the sake of exercise. 
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To find the differences of tan u^ and of tan"* w,. 



X ~—*'^ -»"- ««** "gt' 



A tan u„ = tan w^^ — tan w. 



sin w^^j sin^^ 

cos Ugg^^ cos Ugf 



Next, 



^ sin (^^, - ^J 

cos Waj^j COS w, 

sin Aw, ,^ . 

— (1). 



A tan"* u^ = tan"* u^^ — tan"* w,, 



= tan-* -^^^±?^=^ 

= tan"*— ^?^^— (2). 

1 + Wa^-i «*x 

From the above, or independently, it is easily shewn that 

Atanaaj = -. — — ^ (3), 

cos (IX cos a (a: + 1) 

A tan"* oa? = tan"* :; = — : — =-5 (4:), 

l + aa: + a'ar 

Additional examples will be found in the exercises at the 
end of this chapter. 

4. When the increment of x is indeterminate, the opera- 
tion denoted by -r— merges, on supposing Aa? to become 
infinitesimal but the subject fimction to remain unchanged, 
into the operation denoted by -r- . The following are illus- 
trations of the mode in which some of the general theorems 
of the Calculus of Finite Differences thus merge into theorems 
of the Differential Calculus. 
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Ex. We have 

A sin a? __ sin (x + Ax) — sin x 
Ax "" Ax 



« • 1 A • / Ax+7r\ 
2 8iniAxsm(^x+-^j 



Ax 
And, repeating the operation n times, 



(!)• 



(Aa?)" {Ax)' 

It is easy to see that the limiting form of this equation is 

_^^ = 3m(x + -j (2), 

a known theorem of the Differential Calculus. 

Again, we have 

Aa* ^ ffl"*^ - o* 
Ax ~ Ax 

=(-A^r' 

And hence, generally. 



i,Axy 



-C-^T- '"■ 



Supposing Ax to become infinitesimal, this gives by the 
ordinary rule for vanishing fractions 

^=aogara- (4). 

But it is not from examples like these to be inferred that 
the Differential Calculus is merely a particular case of the 
Calculus of Finite Differences. The true nature of their con- 
nexion will be developed in a future chapter (Chap, viii.)* 
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Expansion hy factorials. 

5. Attention has been directed to the formal analogy be- 
tween the differences of factorials and the differential coeffi- 
cients of powers. This analogy is further developed in the 
following proposition. 

To develope 6(x), a, supposed rational and integral function 
of X of the m^ degree, in a series of factorials. 

1st. Assume 

^{x)^a + bx + cx^^ + dx^\..+hx^'^^ (1). 

The legitimacy of this form is evident, for it represents a 
rational and integral function of x of the wf* degree, contain- 
ing a number of arbitrary coefficients equal to the number of 
coefficients supposed given in ^{x). And the actual values 
of the former might be determined by expressing both mem- 
bers of the equation in ascending powers of a?, equating coeffi- 
cients and solving the linear equations which result. Instead 
of doing this, let us take the successive differences of (1). 
We find by (2), Art. 2, 

A<f>{x)^h + 2cx + Sdx^^ ...+mhccf'^'-'^ (2), 

A'^(a:) = 2c+ 3 . 2cfo? ... +w(w- 1) hx^"^ ...(3), 

A"'^(a:) = m(w-1)...1A (4). 

And now making aj = in the series of equations (1)...(4), 
and representing by A^(0), A'^(O), &c. what A^(a?), A'^(a;), 
&c. become when a? = 0, we have 

^ (0) = a, A^ (0) = S, A"^ (0) = 2c, 

A~^(0) = 1.2...wA. 
Whence determining a, i, c, ••• h, we have 

^(aj) = .A(O)+A0(O)a!+^Ma^ + ^^aJ3. + &c. (5). 

If with greater generality we assume 

il>{x)ssa + hx + cx{x — h)'^dx{x — h) (a: — 2A) + &c., 
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we shall find by proceeding as before, except in the employ- 
ing of -r— for A, where Aa? = h, 






2 



UAxfj 17273 ■*■ *''•••• ^^^' 



where the brackets { } denote that in the enclosed function, 
after reduction, x is to be made equal to 0. 

Taylor's theorem is the limiting form to which the above 
theorem approaches when the increment Ax is indefinitely 
diminished. 

General theorems eaypressing relations between the successive 
values^ sttccessive differences, and su^ccessive differential coef" 
Judents of functions. 

6. In the equation of definition 

Aw^=w^^j-w« 

we have the fundamental relation connecting the first differ- 
ence of a function with two successive values of that function. 
In Taylor's Theorem, expressed in the form 

we see the fundamental relation connecting the first difference 
of a function with its successive differential coefficients. 
From these fundamental relations spring many general theo- 
rems expressing derived relations between the differences of 
the higher orders, the successive values, and the differential 
coefficients of functions. 

As concerns the history of such theorems it may be ob- 
served that they appear to have been first suggested by par- 
ticular instances, and then established, either by that kind of 
proof which consists in shewing that if a theorem is true for 
any particular integer value of an index w, it is true for the 
next greater value, and therefore for all succeeding values ; 
or else by a peculiar method, hereafter to be explained, 
called the method of Generating Functions. But having 
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been once established, the very forms of the theorems led to 
a deeper conception of their real nature, and it came to be 
understood that they were consequences of the formal laws 
of combination of those operations by which from a given 
function its succeeding values, its differences, and its mffer- 
ential coefficients are derived. 

7. These progressive methods will be illustrated in the 
following example. 

Ex. Eequired to express Ug^ in terms of u^ and its suc- 
cessive differences. 

We have 

Hence proceeding as before we find 

«*«+8= %+ 3Am^+ 3AV+ A'w^. 

These special results suggest, by the agreement of their 
coefficients with those of the successive powers of a binomial, 
the general theorem 

. w(n— 1) ., 
w«+* = «*» + wAwa. + ~Y;Y"^ AX 

H.^>^AX+&c (1). 

Suppose then this theorem true for a particular value of w, 
then for the next greater value we have . 

. . W (w — 1) A a 

u^^^ = u^'\- nAu„ + ^^ ^ AX 

+ "^"7^](r^^ AX4-&c. 
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f^x 



/ ^ \ A (W + 1) ^ A S (W + 1) W (W — 1) . . « 

+ (n+ 1) Au,+ ^ ^^^^^ AX+-^ ^^273 ^ AV+&C. 



the form of which shews that the theorem remains true for 
the next greater value of n, therefore for the value of n still 
succeeding, and so on ad infinitum. But it is true forn = 1, 
and therefore for all positive integer values of n whatever. 

8. We proceed to demonstrate the same theorem by the 
method of generating functions. 

Definition. If <^ {t) is capable of being developed in a 
series of powers of <, the general term of the expansion being 
represented by uj", then ^ [t) is said to be the generating 
function of u^,. And this relation is expressed in the form 

(^ {t) = Gu^ 
Thus we have 

e«= Q \ ^ 

since —r is the coefficient of f in the development of e\ 

In like manner 



t 1.2... (» + !)' 

since ■^— — -. -. is the coefficient of f in the development 

of the first member. 



And generally, if Ou^^^ <f> {t), then 

Ou^.-^ ^«^=^ (2). 



Hence therefore 



G^w.+,~G^%=(|-1)^(0. 



But the first member is obviously equal to GAu^, therefore 

G^A«.= (1 - 1) (0 (3). 
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And generally 

G^AX= (7- l)V(<) (4). 

To apply these theorems to the problem under considera- 
tion we have, supposing still G^a,= ^ (t), 

= Gu,+ n GAu, + "J!LliI fltAX + &c. 



Hence 



. >i (^ — 1) A « P 

WaH.n= %+ nAu^+—^ ^ AX + &C. 



which agrees with (1). 

Although on account of the extensive use which has been 
made of the method of generating functions, especially by 
the older analysts, we have thought it right to illustrate its 
general principles, it is proper to notice that there exists an 
objection in point of scientific order to the employment of 
^the method for the demonstration of the direct theorems of 
the Calculus of Finite Difference; viz. that G is, from its 
very nature, a symbol of inversion {Diff. Equations, p. 375). 
In applying it, we do not perform a direct and definite ope- 
ration, but seek the answer to a question, viz. What is that 
function which, on performing the direct operation of deve- 
lopment, produces terms possessing coefficients of a certain 
form? and this is a question which admits of an infinite 
variety of answers according to the extent of the development 
and the kind of indices supposed admissible. Hence the 
distributive property of the symbol G^ as virtually employed 
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in the above example, supposes limitations which are not 
implied in the mere definition of the symbol. It must be 
supposed to have reference to the same system of indices in 
the one member as in the other ; and though, such conven- 
tions being supplied, it becomes a strict method of proof, its 
indirect character still remains. 

9. We proceed to the last of the methods referred to in 
Art 6, viz. that which is founded upon the study of the ulti- 
mate laws of the operations involved. In addition to the 
symbol A, we shall introduce a symbol D to denote the ope- 
ration of giving to a? in a proposed subject function the incre- 
ment imity ; — ^its definition being 

Du^=u^^ (1). 

Laws and Relations of the symbols i?, A and -t- . 

1st. The symbol A is distributive in its operation. Thus 

^K+v«+&c.)=Aw«+Ava; (2). 

For 

A (W<p+ Va.+ &C.) =WaH.i+Vai4.i--« — {u^-^V^...) 

= Aw,+ Ava,... 

In like manner we have 

A (wa;-'«^«--) =^w«-At;^ (3). 

2ndly. The symbol A is commutative with respect to any 
constant coefficients in the terms of the subject to which it is 
applied. Thus a being constant, 

AaM.= aWa^i— aWa, 

= aAu^ (4). 

And from this law in combination with the preceding one, 
we have, a, J,... being constants, 

A {aUg,+ hVg....)==iaAu„+lAv„ (5). 
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Srdly. ^ The symbol A obeys the index law expressed by 
the equation 

A"*AX=A"'**% (6), 

m and n being positive indices. For, by the implied definition 
of the index w, 

A"*A*t«a.= (AA...m times) (AA...n times) u^ 
= {AA. . . (m + w) times} w. 

These are the primary laws of combination of the symbol 
A. It will be seen from these that A combines with A and 
with constant quantities, as symbols of quantity combine with 
each other. Thus, (A -f a) w denoting Am + auy we should 
have, in virtue of the first two of the above laws, 

(A + a)(A + J)w = {A' + (a + J)A + ai}M 

= A'w+(a+ J) Aw + aJw (7), 

the developed result of the combination (A + a) (A + h) being 
in form the same as if A were a symbol of quantity. 

The index law (6) is virtually an expression of the formal 
consequences of the truth that A denotes an operation which, 
performed upon any ftmction of a?, converts it into another 
function of x upon which the same operation may he treated. 
Perhaps it might with propriety be termed the law ot repe- 
tition ; — as such it is common to all symbols of operation, 
except such, if such there be, as so alter the nature of the 
subject to which they are applied, as to be incapable of 
repetition. It was however necessary that it should be dis- 
tinctly noticed, because it constitutes a part of the formal 
ground of the general theorems of the calculus. 

The laws which have been established for the symbol A are 
even more obviously true for the symbol D. The two sym- 
bols are connected by the equation 

i? = l+A, 
since 

2>tt. = w«: + Am,=: (1 + A) w. (8), 

B. F. D. 2 
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and they are connected with -7- by the relation 

i)=e^ (9), 

founded on the symbolical form of Taylor's theorem. For 






dx 



d 
It thus appears that D, A, and -j- , are connected by the 

two equations 

i) = l+A = e^ ....(10), 

and from the feet that D and A are thus both expressible by 
means of -7- it might be inferred that the symbols i), A, 

and -7- combine, each with itself, with constant quantities, 

and with each other, as if they were individually symbols of 
quantity. {Differential Equations, Chapter xvi.) 

10. In the following section these principles will be 
applied to the demonstration of what may be termed the 
direct general theorems of the Calculus of Differences. The 
conditions of their inversion, i.e. of their extension to cases in 
which symbols of operation occur imder negative indices, will 
be considered, so far as may be necessary, in subsequent 
chapters. 

Ex. 1. To develope u in a series consisting of w, and 
its successive differences (Ex. of Art. 7, resumed). 

By definition 
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Therefore 
w,,, = 2>«t.,= (l + A)X.... (1), 

= |l + nA+^y-^A'+-^ gfa ■^— 1^« 

. w(n-l) ., . ri(w— l)(n— 2) .. . ^ , . 
= u, + nA^.+ ^^ ^ AX+ ^ ^^3^ -^AX+&c..(2). 

Ex. 2. To express A*Wa? ^^ terms of w. and its successiye 
values. 

Since Awa, = Wje^i — w« = -Ow« — w« > we have 

At/, = (Z>-l)t.„ 

and as, the operations being performed, each side remains a 
function of a:, 

AX=(i>-i)X 

Hence, interpreting the successive terms, 

AX = w«,+«-ww^«-i + ^^^;y- w^n-2... + (-l)X (3). 

Of particular applications of this theorem those are the 
most important which result from supposing w^. = a?*^. 

We have 

A*a:~=(a:+w)"»-n(a:+7i--l)~+^?^^^^ (a? + n-2)~-&c...(4). 

Now let the notation A*0** be adopted to express what the 
first member of the above equation becomes when a? = ; then 

y,(n-l)(n-2r n(n--l)(n-^2)(n-3r , o ,,^ 

■^ 1.2 1.2.3 "^ ^ -^^ 

The systems of numbers expressed by A**0'" are of frequent 
occurrence in the theory of series. Professor De Morgan has 

2—2 
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given the following table of their values up to A^^O^** calculated 
from the above theorem. {Diff. Calculus, p. 253) : 





A 

" 


A« 


A3 


A* 


A« 


A« 


A7 


A8 


A» 


Aio 


o 
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©8 
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6 
14 

30 
62 

126 
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O* 


36 


«4 
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0» 


150 


240 


120 

















©8 


540 


1560 


1800 


720 














©7 


1806 


8400 


16800 


15120 


5040 











©8 


I «54 


5796 


40824 


126000 


T91520 


141120 


40320 








o» 




510 


18150 


186480 


834120 


I 905 I 20 


2328480 


145 1520 


362880 


© 


oio 




If022 


55080 


81852c 


5103000 


1643544c 


29635200 


30240000 


16329600 


3628800 



From (2) Art. 1, we have 

A"0*=1.2...w, 

and, equating this with the corresponding value given by (5), 
we have 

1.2...7^ = n"-7i(n-^l)* + ''^'!"I^^ (n-2)"+&c (6). 

Ex. 3. To obtain developed expressions for the n^ differ- 
ence of the product of two functions w^. and v^. 

Since 

where D applies to u^ alone, and D' to v^. alone, we have 

Aw,v, = (i>i)' - 1) w.v„ 
and generally 

AXv. = {DD' - l)Xi^. (7). 

It now only remains to transform, if needful, and to develope 
the operative function in the second member according to the 
nature of the expansion required. 
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Thus If it be required to express A"w,t?, in ascending differ- 
ences of t7aj, we must change D* into A' 4- 1, regarding A' as 
operating only on v^^. We then have 

AXt». = {i>(l + A')-llX''. 
= (A + Z)A')X«. 

= |a« + n A"-*i)A' + "^"~^^ A"-*i)'A" + &c j ujo, . 

Eemembering then that A and D operate only on m, and A' 
only on v^, and that the accent on the latter symbol may be 
dropped when that symbol only precedes »,, we have 

AX«» = AX-** + «A"'*M^j. At>, 

+ ^^^;=^A-«^.AV. + &c (8), 

the expansion required. 

As a particular illustration, suppose tt,= a*. Then since 

=:(f^{a- 1)""^, by (14), Art. 2, 
we have 

AVv, = a* {(a -- 1)X + w (a - l)'*"'*aAv, 

+ ?>^) (a - l)-^a»A»t;, + &c.} (9). 

Again, if the expansion is to be ordered according to suc- 
cessive values of Vj., it is necessary to expand the untrans- 
formed operative fiinctlon In the second member of (7) in 
ascending powers of D' and develope the result. We find 

Lastly, if the expansion is to involve only the differences 
of u and r., then, changing i) into 1 + A, and 2)' into 1 + A', 
we nave 

AXv.= (A + A' + AA')Xv, (11), 

and the symbolic trinomial in the second member is now to be 
developed and the result interpreted. 
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Ex. 4. To express i^u„ in terms of the differential co- 
eflScients of w^.. 

1st. By (10), Art. 9, A = e^- 1. Hence 

AX= (€^- 1)X (12). 

Now t being a symbol of quantity, we have 

(^-,)-.(, + j^ + _^^ + &.)- (13), 

= e' + A^f^+ A/^ + &c., 
on expansion, A^, A^, &c. being numerical coefficients. Hence 

and therefore 

11. The coefficients -4j, A^, ...&c. may be determined in 

trions ways, the simplest in pr 

velope the right-hana member 



various ways, the simplest in principle being perhaps to de- 
velope the right-hana member of (13) by the polynomial 
theorem, and then seek the aggregate coefficients of the suc- 
cessive powers of t. But the expansion may also be effected 
with complete determination of the constants by a remarkable 
secondary form of Maclaiirin's theorem, which we shall pro- 
ceed to demonstrate. 

Secondary form of MaclaurirCa Theorem. 

Prop. The development of <}> {t) in positive and integral 
powers of t, when such development is possible, may be expressed 
in the form 

where ^( ;^) 0"* denotes what ^ K J ^ becomes when ^ = 0. 
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First, we shall shew that if i}>{t) and yjr{t) are any two 
functions admitting of development in the form a + bt + cf-h 
&c., 

then 'l>Q^(*) = 'l'(j^'l>i*) (15), 

provided that t be made equal to 0, after the implied opera-^ 
tions are performed. 

For, developing all the functions, each member of the 
above equation is resolved into a series of terms of the form 

^[jfJ ^' while in corresponding terms of the two members 
the order of the indices m and n will be reversed. 

Now (-TJ f is equal to if tw is greater than n, to 

1.2...n if w is equal to n, and again to if m is less than n 
and at the same time t equal to ; for in this case ^"** is a 
factor. Hence if i = 0, 

and therefore under the same condition the equation (15) is 
true, or, adopting the notation above explained, 

*©V^(0) = t (1)^(0) (16). 

Now by Maclaurin's theorem in its known form 

^W=^(0)+^^(0).« + ^,^(O).j^ + &c (17). 

Hence, applying the above theorem of reciprocity, 
^(<) = ^(0)+^(^)o.« + ^(|)o'.j^ + &c....(18), 

the secondary form in question. The two forms of Mac- 
laurin^s theorem (17), (18) may with propriety be termed 
conjugate. 
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As a particular illustration, suppose Ah) = (e — 1)*, n being 
a positive integer. Then observing that 

^(0) = 0, 

= A"0'", 
we have 

(€'-!)• = A-0 .« + AV . r^ + A"0' . :p^ + «&c 

But A*0"* is equal to if m is less than w, and to 1.2...n 
if m is equal to n; Art, 1, Hence 

The coefficients of this expansion are now given by the 
table in Art. 10, or by the theorem from which that table is 
calculated. 

Hence therefore, since A"w = (e*"— 1)" u, we have 

A« _^*^ , A^O^^^ d'^'u A"0*^' d^'^u a f^. 
^ '*'"db- "*■ L2...(n+1) ^^■*" 1.2...(n+2) 1^^^' ^^^' 

the theorem sought. 

As a particular example we have 
A*aj~ = m (w — l)...(m — n 4- 1) a?"^ 

+ :r-r -: W (w - l)...(w - n) tT^K.. + A*0^..(2l). 

I.2...n + 1 N / V ' V / 

The reasoning employed in the above investigation pro- 
ceeds upon the assumption that w is a positive integer. The 
very important case in which n = — 1 will be considered in 
another chapter of this work. 

Ex. 5. To express ^-^ in terms of the stux^esstve differences 
of u. 
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J* 

Since €*** = 1 -h A, we have 

^ = log(l + A), 

therefore (^)"= K (1 + A)}" (22), 

and the right-hand member must now be developed in as- 
cending powers of A. 

In the particular case of n = 1, we have 

du . AV . A'w A*u f, ,^. 

_ = A«--+ — -_+&c (23). 

As a particidar application, suppose w=a:(a:— l)...(aj— n+1), 
then adopting the notation of Art. 2, 

A*M = n(n-l)a;^»"^, 
&c. 



Therefore 



^*"* (n-ij n (w - 1) ,^^ 



tib 2 



a theorem which enables us to express a diflferential coeffi- 
cient of a factorial in factorials. 

It would be easy, but it is needless, to multiply these 
general theorems, some of those above given being valuable 
rather as an illustration of principles than for their intrinsic 
importance. Other examples will occur in the course of 
this work. 

EXERCISES. 

1. Establish the following results: 

Ax — sin a 

A cot aa?=-r 



sina^sma(a;+l) ' 
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a 
tan 



a '"" T*^ 

Atan-^ = , 

2 a 

cos-. 

A cot (2*a) = . 7^aH-i X • 
^ ^ sm (2*^' a) 

2. Shew that A — may be expressed in the form 



v» 






3. If Aa; = a and Aw, = Waj^— w^., prove that 

4. Prove the following theorem, viz. 

// . . . a*ydaj* = a* {log (a + aA) }""y. 

What complementary function must be added to the second 
member? 

5. Shew that Sir John Herschell's theorem for the de- 
velopment of functions of exponentials, viz. 

/(eO=/(l)+/(l + A)0.«+/(l + A)0«.j^+&c., 
is a consequence of the Theorem of Art. 11. 

6. If a; = €*, prove that 

/rf\*_AO* rf A«0*^rf* AV* ,d» . 

7. Prove the following theorems: 

2 
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8. If Awj.^ = Wj^, y^.j — t*^,y, and if A*w,^ be expanded In a 
series of differential coefficients of w, shew that the general 
term will be 



9. Prove the following theorem, viz. 



a,aj* a,aj' a^a?* 



2 2.3 2.3.4 

.2 _8 



the symbol A being defined by the equation Aa^ = a^^ — a». 

10. What class of series would the above theorem enable 
us to convert from a slow to a rapid convergence? 

11. Shew by the theorem of Art. 11, that the develop- 
ment of the function e* in ascending powers of t may be ex- 
hibited in the form 

And hence calculate the first four terms of the expansion. 



( 28 ) 



CHAPTER III. 



OP INTERPOLATION. 



1. The word interpolate has been adopted in analysis to 
denote pritnaxily the inter{)osing of missing tenns in a series 
of quantities supposed subject to a determinate law of magni- 
tude, but seconaarily and more generally to denote the calcu- 
lating, under some hypothesis of law or continuity, of any 
term of a series from the values of any other terms supposed 
given. 

. As no series of particular values can determine a law, the 
problem of interpolation is an indeterminate one. To find 
an analytical expression of a function from a limited number 
of its numerical values corresponding to given values of its 
independent variable x is, in Analysis, what in Geometry it 
would be to draw a continuous curve through a number of 
given points. And as in the latter case the number of pos- 
sible curves, so in the former the number of analytical ex- 
pressions satisfying the given conditions, is infinite. Thus 
the form of the function — the species of the curve — ^must be 
assumed a priori. It may be that the evident character of 
succession m the values observed indicates what kind of 
assumption is best. If for instance these values are of a 
periodical character, circular fdnctions ought to be employed. 
But where no such indications exist it is customary to assume 
for the general expression of the values under consideration 
a rational and inte^al function of a?, and to determine the 
coefficients by the given conditions. 

This assumption rests upon the supposition (a supposition 
however actually verified m the case of all tabulated ftmc- 
tions) that the successive orders of dififerences rapidly dimi- 
nish. In the case of a rational and integral ftinction of x of 
the vl^ degree it has been seen that differences of the n + 1*^ 
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and of all succeeding orders vanish. Hence if in any other 
function such differences become very small, that function 
may, quite irrespectively of its form, he approximately repre- 
sented by a function which is rational and integral. Of 
course it is supposed that the value of x for which that of 
the function is required is not very remote from those, or 
from some of those, values for which the values of the func- 
tion are given. The same assumption as to the form of the 
unknown function and the same condition of limitation as to 
the use of that form flow in an equally obvious manner from 
the expansion in Taylor's theorem. 

2. The problem of interpolation assumes different forms, 
according as the values given are equidistant, i. e. corre- 
spondent to equidifferent values of the independent variable, 
or not. But the solution of all its cases rests upon the same 
principle. The most obvious mode in which that principle 
can be applied is the following. If for n values a, J,.,, of 
an independent variable x the corresponding values u^, Wj,,... of 
an unknown function of x represented by u^, are given, then, 
assuming as the approximate general expression of u^ 

u^=A+Bx+Ga?...+Ex''''' (1), 

a form which is rational and integral and involves n arbitrary 
coefficients, the data in succession give 

u^= A + Ba+Ca\.. + EaT'^ 

u, = A + Bb-{'Cb\.. + JEb' 



'n-l 



a system of n linear equations which determine A, B.,,E. 
To avoid the solving of these equations other but equivalent 
modes of procedure are employed, all such being in effect 
reducible to the two following, viz. either to an application 
of that property of the rational and integral function in the 
second member of (1) which is expressed by the equation 
A'*Wa;= ^> or to the substitution of a different but equivalent 
form for the rational and integral ftmction. These methods 
will be respectively illustrated in Prop. 1 and its deductions, 
and in Prop. 2, of the following sections. 

Prop. 1. Given n consecutive equidistant values u^yU^... 
Un_i of a function w^., to find its approximate general expres- 



sion. 
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By Chap. II. Art. 10, 

A m (m — 1) A « D 

Hence, substituting for a;, and x for m, we have 
w,= w^4- aAwjjH — ^ A\+ &c. a«? tVj/I 

But on the assumption that the proposed expression is 
rational and integral and of the degree n — 1, we have A"w^=0, 
and therefore A"Wjj= 0. Hence 

. X (x—i) .^ 

t*,= u^+ xAu^+ '^ g AX . . • 

+ 1.2...(n-.l) ^ ""o ^^^' 

the expression required. It will be obseived that the second 
member is reallv a rational and integral function of x of the 
degree w— 1, while the coefficients are made determinate by 
the data. 

In applying this theorem the value of x may be con- 
ceived to express the distance of the term sought from the 
first term in the series, the common distance of the terms 
given being taken as unity. 

Ex. Given log 3-14 = -4969296, log 3-15 = '4983106, log 
3-16 = -4996871, log 3-17 = '5010593 ; required an approximate 
value of log 3-14159. 

Here, omitting the decimal point, we have the following 
table of numbers and difierences : 





^0 


u. 


u 


u 

8 




4969296 


4983106 


4996871 


5010593 


A 


13810 


13765 


13722 




A" 


-45 


-43 






A'* 


2 










The first column gives the values of u^^ and its differences 
up to A\. Now the common difference of 3-14, 3*15, &c. 
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being taken as unity, the value of x which corresponds to 
3'14159 will be '159. Hence we have 

u = 4969296 + '159 x 13810 + ('^^^) ('^J^ - ^) ^ - 45 

(-159) ('159-1) (-159-2) 
■*" 1.2.3 

Effecting the calculations we find w^.^ '4971495, which is 
true to the last place of decimals. Had the first difference 
only been employed, which is equivalent to the ordinary rule 
of proportional parts, there would have been an error of 4 in 
the last decimal, and second differences would have reduced 
this error to 1. 

3. When the values given and that sought constitute a 
series of equidistant terms, whatever may be the position of 
the value sought in that series, it is better to proceed as 
follows. 

Let ^0, w., 1*2 ••• w« be the series. Then since, according to 
the principle of the method, A^w^ = 0, we have by Chap. ii. 
Art. 10, 

n (n — 1) / -N« rv /«\ 

««n-»iW«-i+-Y72"^Wn-,... + (--l)"^ = (3), 

an equation fi:om which any one of the quantities 

^0» ^1 ••• ^n 

may be found in terms of the others. 

Thus, to interpolate a term midway between two others, 
we have 

u^^2u, + u^^0; .'. u,=^!^^ (4). 

Here the middle term is only the arithmetical mean. 
To supply the middle term in a series of five, we have 
u^ — 4Wj 4- 6wj — 4Wg -^u^^O; 

•• ^i— Q W' 
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Ex. Representing as is usual 1 e^ff^'^dO by F (w), it is 
required to complete the following table by finding approxi- 
mately log r f- j : 

n logr(w), n logr(n), 
^ -74556, ^ -18432, 

^ -55938, ^ -13165, 

^ -42796, ^ -08828, 

f- -32788, — -05261. 

Let the series of values of log V{n) be represented by 
Wj, Wj...Wg, the value sought being that of w^. Then pro- 
ceeding as before, we find 

^ , 8.7 8.7.6 J. 

^^"^^»+iT2^--r:2:3^*'*'-=^' 

or, 

Mj + 1*3 - 8 (Wj + Wg) + 2 8 ( W3 + «*,) - 5 6 (w^ + 1*^) + 7 Wg = ; 
whence 

^ ^ 56 (^^ + t^,) -28 (1^3 + ^)4-8^ + ^,) - {u^ + ^,) ,gv 

•* 70 ^ ^' 

Substituting for u^^u^, &c., their values from the table, 
we find 



iogr(i) = -i 



•24853, 
the true value being -24858. 

To shew the gradual closing of the approximation as the 
number of the values given is increased, the following results 
are added: 
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Data. Galculated value of u^ . 



U^ % '25610, 

^,«'4 ^>^ '24820, 

^a>«*8»^ «*67^>^8 -24865, 

««i, ^'a, «*8» ^4 ^6» ^7> ^B> «*• -24853. 

4. By an extension of the same method, we may treat any 
case in which the terms given and sought are terms, but not 
consecutive terms, of a series. Thus, if u^^yU^, % were given 
and Wg sought, the equations A\ = 0, AX = would give 

w^-3w3 + 3w,--Wj = 0, 

Uj. — 3w^ + 3^8 - Wj = 0, 

from which, eliminating u^, we have 

3«^5-8m4 + 6w3- w^ = *. (7), 

and hence u^ can be found. But it is better to apply at once 
the general method of the following Proposition. 

Prop. 2. Given n values of a function which are not 
consecutive and equidistant, to find any other value whose 
place is given. 

Let tt^, Wj,, Wg ...M^ be the given values, corresponding to 
a, J, c ... w respectively as values of a;, and let it be required 
to determine an approximate general expression for u^^. 

We shall assume this expression rational and integral, 
Art. 1. 

Now there being n conditions to be satisfied, viz. that for 
x^a, a? = J ... a; = 71, it shall assume the respective values 
Wa> ^& ••• ^n> ^^ expression must contain n constants, whose 
values those conditions determine. 

We might therefore assume 

u^=^A + Bx+Ca? ... + -Ec*-* (8), 

and determine A^ B, C by the linear system of equations 
formed by making a; = a, J ... n, in succession. 

B. F. D. 3 
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The substitution of another but equivalent form for (8) 
enables us to dispense with the solution of the linear system. 

Let ^x = -4 (x — b) (x — c) ... (a:— n) 

+ JB (a; — a) (a? — c) ... (a; — n) 

+ (7(aj-a) (a;- J) ... (x-n) (9) 

+ &c. to n terms, each of the n terms in the right-hand mem- 
ber wanting one of the factors x — a, a? — J, ... (a? — w), and 
each being affected with an arbitrarjr constant. The assump- 
tion is legitimate, for the expression thus formed is, liKe 
that in (8), rational and integral, and it contains n arbitrary 
coefficients. 

Making a? = a, we have 

M^ = .4 (a — J) (a — c) ... (a — w) ; 
therefore 



(a — J) (a — c) ... (a — w) ' 
In like manner making a;= J, we have 



5 = 



(J-a){J-c)... (J-n)' 

and so on. Hence finally, 

__ (a? — J) (x — c) ... (x—n) (x — a) (x—c) ... (x — n) 

""'"^"(a-J) {a-c) ... {a-n) '^"'^ (J -a) (J-c) ... (6-n)*" 

( a? — g) { x— b) { x — c ) ... . . 

the expression required. This is Lagrange's theorem for 
interpolation. 

As the problem of interpolation, under the assumption that 
the function to be determined is rational and integral, is a 
determinate one, the different methods of solution above 
exemplified lead to consistent results. All these methods 
are implicitly contained in that of Lagrange. 

The following are particular applications of Lagrange's 
theorem. 
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5. Given any number of values of a magnitude as ob- 
served at given times ; to determine approximately the values 
of the successive differential coefficients of that magnitude at 
another given time. 

Let a, J, ... ?i be the times of observation, u^, «*&,••. w^ the 
observed values, x the time for which the value is required, 
and % that value. Then the value of u^ is given by (10), 
and the differential coefficients can thence be deduced in the 
usual way. But it is most convenient to assume the time 
represented above by x as the epoch, and to regard a, b, ... n 
as measured from that epoch, being negative if measured 

ttf/ d u 

backward. The values of -r-^, -^-^y &c. will then be the 

coefficients of x, a^, &c. in the development of the second 
member of (10) divided by 1, 1.2, 1.2.3, &c. successively. 
Their eeneral expressions may thus at once be found. Thus 
in particular we shall have 



du. 



Jc... 71(^4--. •• +-) 
V^ c nj 



^= + ___v^-L__::i-i,^ + &c (11), 



dx ~" (a — b) {a — c) ... (a — n) 

d\^ \bc hd Cd J o , , 

^■"■*"l.2(a-J)(a-c)...(a-n)''-+®''--^^^^- 

Laplace's computation of the orbit of a comet is founded 
upon this proposition {MScamque CHeste). 

6. The values of a quantity, e. g. the altitude of a star at 
given times, are found by observation. Required at what 
intermediate time the quantity had another given value. 

Though it is usual to consider the time as the independent 
variable, in the above problem it is most convenient to con- 
sider the observed magnitude as such, and the time as a 
function of that magnitude. Let then a, J, c, . . . be the values 
given by observation, w^, u^j, ^c?-** ^^ corresponding times, 
X the value for which the time is sought, and w^? that time. 
Then the value of u„ is given at once by Lagrange's theorem 
(10). 

3—2 
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The problem may however be solved by regarding the time 
as the independent variable. Representing then, as in the 
last example, the times given by a, J, ...n, the time sought 
by Xy and the corresponding values of the observed magnitude 
by w„, «^, ... w^, and u^^, we must by the solution of the same 
equation (10) determine x. 

The above forms of solution being derived from diflferent 
lijrpotheses, will of course diflfer. We say derived from dif- 
ferent hypotheses, because whichsoever element is regarded 
as dependent is treated not simply as a fimction, but as a 
rational and integral function of the other element ; and thus 
the choice aflfects the nature of the connexion. Except for 
the avoidance of difficulties of solution, the hypothesis which 
assumes the time as the independent variable is to be pre- 
ferred. 

Ex. Three observations of a quantity near its time of maxi- 
mum or minimum being taken, to find its time of maximum 
or minimum. 

Let a, b, c, represent the times of observation, and u^ the 
magnitude of the quantity at any time x. Then w^, % and 
u^ are given, and, by Lagrange's formula, 

_ {x — i) (a? — c) {x — c){x — a) {x — a){x — h) 

'*^""'*-(a-J)(a-c)^'''(J-c)(6-a)"^''^(c-a)(c-i)' 

and this function of a? is to be a maximum or minimum. 
Hence equating to its differential coefficient with respect 
to aj, we find ^ 

This formula enables us to approximate to the meridian 
altitude of the sun or of a star when a true meridian observa- 
tion cannot be taken. 

Areas of Curves. 

7. Formulae of interpolation may be applied to the ap- 
proximate evaluation of integrals between ffiven limits, and 
therefore to the determination of the areas of curves, the con- 
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tents of solids, &c. The application is convenient, as it does 
not require the form of the function under the sign of inte*. 
gration to be known. 

Prop. The area of a curve being divided into n portions 
bounded by w + 1 equidistant ordinates w^, Wi,...Wn> whose 
values, together with their common distance, are given, an 
approximate expression for the area is required. 

The general expression for an ordinate being w^, we have, 
if the common distance of the ordinates be assumed as the 

unit of measure, to seek an approximate value of I ujb:* 

Now, by (2), 

. ajfa? — !).« . a?(ic— l){aj — 2) .. ^^ 
u, = u^ + x^u,+ \^ ^ A\+ ^ ^J^^^ iA\ + &c. 

Hence 

J J Q J 1.2Jg 

+ , ^\ \ x{x-l){x-2)dx + &c., 
and effecting the integrations 






0_„ 

3 



+ &C (14). 

It will be observed that the data permit us to calculate 
the successive differences of u^ up to A^w^. Hence, on the 
assumption that all succeeding differences may be neglected^ 
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the above theorem gives an approximate value of the integral 
sought. The following are particular deductions. 

1st. Let w = 2. Then, rejecting all terms after the one 
involving A\, we have 

I ujx = 2u^ + 2Awo + J A\. 

Jo 

But Amo = Wj — i/q, A\= w, — 2^1 + 1*^; whence, substi- 
tuting and reducing. 



£.^= ^o+'^--^"- 



If the common distance of the ordinates be represented by 
A, the theorem obviously becomes 

J/'^= 3A (^^)' 

and is the foundation of a well-known rule in treatises of 
Mensuration. 

2ndly. If there are four ordinates whose common distance 
is h, we find in like manner 

/\^ = ^("'> + ^"'3+^' + "'^ (16). 

3rdly. If five equidistant ordinates are given, we have in 
like manner 

4thly. The supposition that the area is divided into six 
portions bounded by 7 equidistant ordinates leads to a re- 
markable result, first given by the late Mr Weddle {Math. 
Joumalj Vol. ix. p. 79), and deserves to be considered in 
detail. 

Supposing the common distance of the ordinates to be 
unity, we find, on making n = 7 in (14) and calculating the 
coefficients^ 
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/: 



6 123 

u^ = 6Wo + l^^^o + 27 AX + 24A\ + — A\ 



33 A5 ^ ^1 



+ T^AX+^AX (18). 



Now the last coefficient — rr differs from — — or --r by the 

140 140 10 "^ 

small fraction ——r , and as from the nature of the approxima- 
tion we must suppose sixth differences small, since all suc- 
ceeding differences are to be neglected, we shall commit but 

3 
a slight error if we change the last term into — AX* Doing 

this, and then replacing Aw^ by u^ — u^ and so on, we find, on 
reduction, 

• , 3 



•^ 



<^ = T7T K+ ^2 + ^4 + ^6 + 5 K + «*6) + 6Wsl> 



which, supposing the common distance of the ordinates to be 
A, gives 



/: 



^-^^ = Tft K + ^a + «*4 + «*6 + 5 K + ^^s) + fit*,}. ..(19), 

^^ 



the formula required. 

It is remarkable that, were the series in the second member 
of (18) continued, the coefficient of AX would be found to 
vanish. Thus while the above formula gives the exact area 
when fifth differences are constant, it errs in excess by only 

-7- AX when seventh differences are constant. 
140 

The practical rule hence derived, and which ought to find 
a place in elementary treatises on mensuration, is the fol- 
lowing : 

The proposed area being divided into six portions by seven 

equidistant ordinates, add into one sum the even ordinates 

5 times the odd ordinates and the middle ordinate, and mul- 

3 
tiply the result by — of the common distance of the ordinates. 
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Ex. 1. The two radii which form a diameter of a circle are 
bisected, and perpendicular ordinates are raised at the points 
of bisection. Required the area of that portion of the circle 
which is included between the two ordinates, the diameter, 
and the curve, the radius being supposed equal to unity. 

The values of the seven equidistant ordinates are 

and the common distance of the ordinates is-. The area 

6 

hence computed to five places of decimals is '95661, which, on 

IT iJ^ 

comparison with the known value "t + -^ , will be found to be 
correct to the last figure. 

The rule for equidistant ordinates commonly employed 
would give •95658. 

In all these applications it is desirable to avoid extreme 
difierences among the ordinates. Applied to the quadrant 
of a circle Mr Weddle's rule, though much more accurate 
than the ordinary one, leads to a result which is correct only 
to two places of decimals. 

Should the function to be integrated become infinite at or 
within the limits, an appropriate transformation will be 
needed. 

Ex. 2. Required an approximate value of / ' log sin 6dd. 

Jo 

The function log sin becoming infinite at the lower limit, 
we have, on integrating by parts, 

/log sin 0d0 = log sin 0-10 cot 0d0, 
but the integrated term vanishing at both limits, 

I ' log sin 0d0 = - f ' 5 cot 0d0. 
The values of the function cot being now calculated for 
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the successive values ^ = 0, ^ = — , ^ = — , ^ = 77j and 

1^ 12 di 

the theorem being applied, we find 

-[" ^ cot ^rf5=- -69311. 

Jo 

The trae value of the definite integral is known to be 

f log.^i), or --69316. 

8. Lagrange's formula enables us to avoid the interme- 
diate employinent of differences, and to calculate directly the 
coefficient of u^ in the general expression for ftidx. If we 
represent the equidistant ordinates, 2n -f 1 in number, by 
u^, u^...u^j and change the origin of the integrations by as- 
suming 33 — n = y, we find ultimately 

Judx = A^u^ + A^ {u^^ + O + A^ {u^^ + u^) ...+ A^ {u^+ u^ 

where generally 

J - (- ^y 

•■ 1.2. ..(w + r) 1.2. ..(n-r) 

,£ (o'-^(i;;-j^...y-^ ,^ ,^,. 

A similar formula may be established when the number of 
equidistant ordinates is even. 

AppUcatton to Statistics, 

9. When the results of statistical observations are pre- 
sented in a tabular form it is sometimes required to narrow 
the intervals to which they correspond, or to fill up some 

fiarticular hiatus by the interpolation of intermediate values, 
n applying to this purpose the methods of the foregoing 
sections, it is not to be forgotten that the assumptions which 
they involve render our conclusions the less trustworthy in 
proportion as the matter of inquiry is less under the dominion 
of any known laws, and that this is still more the case in 
proportion as the field of observation is too narrow to exhibit 
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fairly the operation of the unknown laws which do exist. 
The anomalies, for instance, which we meet with in the at- 
tempt to estimate the law of human mortality seem rather to 
be due to the imperfection of our data than to want of conti- 
nuity in the law itself. The following is an example of the 
anomalies in question. 

Ex. The expectation of life at a particular age being 
defined as the average duration of life after that age, it is 
required from the following data, derived from the Carlisle 
tables of mortality, to estimate the probable expectation of 
life at 50 years, and in particular to shew how that estimate 
is aflfected by the number of the data taken into account. 



Age. 


Expectation. 


Age. 


Expectation. 


10 


48-82 =t*, 


60 


14-34 = u^ 


20 


41-46 = w. 


70 


d'lS = Uj 


30 


34-34 = u^ 


80 


5-51 = Wg 


40 


27-61 =u^ 


90 


3-28 = Wg 



The expectation of life at 50 would, according to the above 
scheme, be represented by u^. Now if we take as our only 
data the expectation of life at 40 and 60, we find by the 
method of Art. 3, 

,,^ = ^4+^ =20-97 (a). 

If we add to our data the expectation at 30 and 70, we 
find 

2 1 

^6 = 3 K+«*6)-gK+^7) = 20-71 (J). 

If we add the farther data for 20 and 80, we find 

^5=4 K + ^e) - 10 K + ^7) + 20 ^''«"*"''«) =20-75...(c). 

And if we add in the extreme data for the ages of 10 and 
90, we have 

+ ^K + ^8)-^K + Wa) =20-77 {d). 
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We notice that the second of the above results is consider- 
ably lower than the first, but that the second, third, and 
fourth exhibit a gradual approximation toward some value 
not very remote from 20*8. 

Nevertheless the actual expectation at 50 as given in the 
Carlisle tables is 21'11, which is greater than even the first 
result or the average between the expectations at 40 and 60. 
We may almost certainly conclude from this that the Carlisle 
table errs in excess for the age of 50. 

And a comparison with some recent tables shews that this 
is so. From the tables of the Registrar-General, Mr Neison* 
deduced the following results. 



:Ago. 


Expectation. 


Age. 


Expectation. 


10 


47-7564 


60 


14-5854 


20 


40-6910 


70 


9-2176 


30 


34-0990 


80 


5-2160 


40 


27-4760 


90 


2-8930 


50 


20-8463 







Here the calculated values of the expectation at 50, corre- 
sponding to those given in (a), (J), (c), (rf), will be found 
to be 

21-0307, 20-8215, 20-8464, 21-2073. 

We see here that the actual expectation at 50 is less than 
the mean between those at 40 and 60. We see also that the 
second result gives a close, and the third a very close, approxi- 
mation to its value. The deviation in the fourth result, which 
takes account of the extreme ages of 10 and 90, seems due to 
the attempt to comprehend under the same law the mortality 
of childhood and of extreme old age. 

When in an extended table of numerical results the differ- 
ences tend first to diminish and afterwards to increase, and I 
think I have observed such a disposition in tables of mor- 
tality, it may be concluded that toe extreme portions of the 
tables are subject to different laws. And even should those 
laws admit, as perhaps they always do, of comprehension 

* ConiribuHoM to Vital StoHstics, p. 8. 
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under some law higher and more general, it may be inferred 
that that law is incapable of approximate expression in the 
particular form (Art. 2) which our methods of interpolation 
presuppose. 

EXEKCISES. 

1. Required an approximate value of log 212 from the 
following data : 

log 210 = 2-3222193, log 213 = 2-3283796, 

log 211 = 2-3242825, log 214 = 2-3304138. 

2. Express t?, and v^ approximately in terms of i?^, v^, v^, v^. 

3. Find a rational and integral function of x which, when 
a? = 1, 2, 3> shall assume the respective values 4, 6, 10. 
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CHAPTEK IV. 

FINITE INTEGRATION. 

1. The term integration is here used to denote the process 
"by which, from a given proposed function of a?, we determine 
some other function of whicn the given fimction expresses the 
difference. 

Thus to integrate t^«, is to find a frmction v„ such that 

The operation of integration is therefore by definition the 
inverse of the operation denoted by the symbol A. As such 
it may with perfect propriety be denoted by the inverse form 
A"\ It is usual however to employ for this purpose a distinct 
symbol, S, the origin of which, as well as of the term inte- 
gration by which its office is denoted, it will be proper to 
explain. 

One of the most important applications of the Calculus 
of Finite Differences is to the finite summation of series. 

Now let u^ Wj, Wj, &c. represent successive terms of a series 
whose general term is w^., and let 

V«,= Wa+Wa+i+Wa+a...+ Wa:.l (l). 

Then, a being constant so that u^ remains the initial term, 
we have 

Vl=^a+^a+i+---+««x-i+W«, (2). 

Hence, subtracting (1) from (2) 

It appears fr.om the last equation that A"^ applied to u^, 
expresses the sum of that portion of a series whose general 
term is u^ which begins with any fixed term u^ and ends 
with 11^^. On this account A"^ has been usually replaced by 
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the symbol 2, considered as indicating a summation or inte- 
gration. At the same time the properties of the symbol 2, 
and the mode of performing the operation which it denotes, 
or, to speak with greater strictness, of answering that question 
of which it is virtually an expression, are best deduced, and 
are usually deduced, from its definition as the inverse of the 
symbol A. 

For although, considering %u„ as defined by the equation 

it may be regarded as denoting a direct and always possible 
operation, yet, considering it as defined by the equation 

2w«=A"*«*^ (4), 

and as having for its object the discovery of some finite ex- 
pression of which the right-hand member of (3) constitutes 
the development, it is interrogative rather than directive 
{Differential Eqii>ations, p. 377) ; it sets before us an object of 
inquiry, but does not prescribe any mode of attaining that 
object And in fact our knowledge of the cases in which 
Xu„ admits of finite expression rests ultimately upon an exa- 
mination of the known results of the operation A, and a more 
or less direct reference of the form of the function u^ to such 
results. 

Now one conclusion flows immediatelv from such reference 
to the effect of the operation A. It is that, whatever may be 
the form of u^^ the complete expression for %u^ must contain 
an arbitrary constant, or, to speak more strictly, an arbitrary 
quantity which does not change when x changes to a;-fl, 
and which is therefore constant relatively to the kind of 
change denoted by the symbol A. For let v^ be a particular 
form of 2«*aj, and let 1?^.+ Wg^ be any other form, this assump- 
tion being sufficiently general to include all possible forms if 
Wg^ is regarded as an arbitrary function of a?, then 

Ai?^= w^, A (v^+ w^ = u^. 
Hence 

Ai(?^=0 (5). 

And this simply indicates that w^ is a function of x which 
does not change when x is increased by unity. 
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Since Wjg is thus constant relatively to A, we may with 
propriety represent it by c, and term it a periodical conBtant. 
With this convention we axe permitted to say ; If v„ he a 
particular value of 2«*a;> ^^^ complete vahie will be Vg^+c* 

The necessity of a periodical constant c to complete the 
value of Xu^ may also be established, and its analytical ex- 
pression determined, by transforming the problem of summa- 
tion into that of the solution of a differential equation. 

Let Xug.=^y, then y is solely conditioned by the equation 

<i 

Ay = Ug,, or, putting €**—! for A, by the linear differential 
equation 

(6^-l)y = i^, (6). 

Now, by the theory of linear differential equations, the 
complete value of y will be obtained by adding to any par- 
ticular value v^ the complete value of what y would be, were 
u„ equal to 0. Hence 

2t*, = 'y,+ C,€'«i*+C;6"»^* + &c (7), 

Cj, Oj, &c. being arbitrary constants, and m^, m^, &c. the dif- 
ferent roots of the equation 

€"*-l = (8). 

Now all these roots are included in the form m=^± ^iirhj — 1, 
t being or a positive integer. When * = we have w = 0, 
kni the corresponding term in (7) reduces to a constant. But 
when i is a positive integer, we have in the second member 
of (7) a pair of terms of the form 

which, on making C+C = -4„ ((7— C) V — 1 =^«> is re- 
ducible to At cos 2t7r + Bi sin 2t7r. Hence, giving to i all 
possible integral values, 

Xu„ = v^ + C+ -4j cos 27rx + A^ cos ^l^x + A^ cos ^irx + &c. , 

+ B^ sin 27raj + B^ sin ^irx + B^ sin 67ra? + &c (9). 

The portion of the right-hand member of this equation 
which follows v^ is the general analytical expression of a 
periodical constant as above defined, viz. as ever resuming the 
same value for values of a;, whether integral or fiactiQn9.1f which 
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differ hj unity. It must be observed that when we have to 
do, as indeed usually happens, with only a particular set of 
values of x progressing by unity, and not with all possible 
sets, the periodical constant merges into an ordinary, i.e. into 
an absolute constant. Thus, if a? be exclusively integral, (9) 
becomes 

c being an absolute constant. 

It is usual to express periodical constants of equations of 
differences in the form ^(cos 27ra?, sin27ra;). But this nota- 
tion is not only inaccurate, but very likely to mislead. It 
seems better either to employ (7, leaving the interpretation to 
the general knowledge of the student, or to adopt the cor- 
rect form 

C+^i{A^co92^7^x + B^sin2i^^x) (10). 

We shall usually do the former. 



Integrable Forms. 

2. Of integrable forms reducible under any general law, 
the following are the most important. 

1st Form. Factorial expressions of the form a?(a; — 1) ... 
{x — m+ 1). 

Adopting the notation of Chap. ii. Art. 2, we have 

therefore 2a?<"** = — -, + 0, 

m + 1 

X* / i\ / .IN x{x—l)...{x — m) ^ , . 

or 2a?(aj— l)...(aj — 7W + 1) = — ^ — ^ ^ + C/....(1). 

^ ^ m + l ^ ' 

Thus also, if Wa, = aa? + J, we have 

2«.«^,...«^«,. = ^^^j^+ C (2). 

2nd Form. Bational and integral functions of x. 
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For, hj Chap. ii. Art. 5, any such function is reducible to 
a series of factorials of the preceding form, each of which may 
be integrated separately. 

Ex. To determine tx^ 
By Chap. II. Art 5, 



1 .J 1. J.o 



Therefore 



^ . ^ AO-Oi'^ ^'O^af A'0"ar^' „ 



In the sapoie way we find for Sw« the general theorem 

tu^= G+u,x + At^.j-^ + A\ y:y;i + *^- 

which terminates when u„ is rational and integral. 

There exists also another theorem which accomplishes the 
same end. We have 

u^n = (1 + A)-"w, 

Let n = Xy then 
Therefore 

Now this being true independently of the form of w^., we 
are permitted to change % into %u^. If we do this, and 
represent by G the value of Sw^, we have 

-. ^, x{x-l) . , a?(a;-l) (a?-2) .J « 
2i/,= (7+im,--Yy2- Aw«+ ^^^'3 ^AV-&c., 

the theorem in question. 

B. F. D. 4 
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It is obvious that a rational and integral function of x 
may also be integrated by assuming for its integral a similar 
function of a degree higher by unity but with arbitrary coeffi- 
cients whose values are to be determined by the condition 
that the difference of the assumed integral shall be equal 
to the function given. 

3rd Form. Factorial expressions of the form 



'^x^x+l • • • ^«+w 



where u^ is of the form ax + b. 

For by Chap. II. Art. 2, we have corresponding to the 
above form of u„ 



— am 



Hence S = 7 r (4). 

It will be observed that there must be at least two factors - 
in the denominator of the expression to be integrated. No 

finite expression for 2 — -r-r exists. 

To the above form certain more general forms are re- 
ducible. 

Thus we can integrate any rational fraction of the form 

Ug being of the form ax + h, and ^ {x) a rational and integral 
function of a? of a degree lower by at least two unities than 
the degree of the denominator. For, expressing <f}{x) in 
the form 



<l> {x) = Au„ + Bu^u^^ + Cuji^^u^ . . . +Eu^u^^. . .u, 



x+m-s* 



uil, 5...being constants to be determined by equating coeffi- 
cients, or by an obvious extension of the theorem of Chap. ii. 
Art. 5, we find 
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^__^ ^^ 1 _^^^ 1 

... + JEt (5), 

and each term can now be integrated by (4). 

Again, supposing the numerator of a rational fraction to be 
of a degree less by at least two unities than the denominator, 
but intermediate factors alone to be wanting in the latter to 
give to it the factorial character above described, then, these 
factors being supplied to both numerator and denominator, the 
fraction may be integrated as in the last case. 

Ex. Thus Ug still representing ax + b,we should have 



= t ^=^^^ , 



^x^x+i^x+s ^«**«+i^a!+2^aj+8 



with the second member of which we must proceed as before. 

As all that is known of the integration of rational functions 
is virtually continued in the two primary theorems of (2) and 
(4), it is desirable to express these in the simplest form. 
Supposing then u^ = ax+by let 

1 



then 



^«^a4.i • • • ^aj+m-i 



= (aar+5)<-">, 



2(a. + 5)(-.= (£^±|)r::' + (7... (6). 



whether m be positive or negative. The analogy of this result 
with the theorem 

is obvious. 

4th Form. Functions of the form a*^ {x) in which ^ {x) is 
national and integraL 

4—2 
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Since Aa* = (a — 1) a*, we have 

a — 1 

To deduce 2a* ^ (a?) we may now employ either a method of 
integration by parts or a symbolical method founded upon the 
relations between the exponential a* and the symbol A. 

To integrate by parts we have, 

since ^u^v^^u^^v^ + v^^^u^^ 

u^Av^ = Au^v„ - VjAw,, 
therefore 

2w,Av, = t*^v^-2vjAw^ (7), 

the theorem required. Applying this we have 



= — "Y |<^ (a;) a* - atd'Aff) (a?) • . 



Thus the integration of a*^(a?) is made to depend upon that 
of a*A^ (x) ; this again will by the same method depend upon 
that of a*A*^ {x), and so on. Hence ^ {x) being by hypothesis 
rational and integral, the process may be continued until the 
function under the sign 2 vanishes. This will happen after 
71 + 1 operations if <^ {x) be of the n^ degree ; and the integral 
will be obtained in finite terms. 

But the symbolical method above referred to leads to the 
same result by a single operation. 

By a known theorem 

But a*i5P €**°««. Hence, changing in the above theorem m 
into log a, we have 
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d 



Now Sa* ^ (a?) = (e**' — 1 )"^a*^ {x) ; therefore by what precedes 

^(f{a^-\Y^4>{x) 

= a* {a (1 + A) - 1}"'^ (a;), since €*"= 1 + A, 

Hence developing the binomial, 

This however is only a particular value which must be com- 
pleted by the addition of an arbitrary constant. We finally 
get 

Sa*^ {x) 

•VC (8). 

The series within the brackets stops at the v!^ difference 
of ^ (a;), supposing ^ [x) of the n*** degree. 

5th Form. Functions of the forms 

cos {ax + h)^ (a?), sin {ax + h)^ (a?), 

where ^ {x) is rational and integral. 

Beginning as before with the case in which ^ (a?) = 1, and 
observing that 

A cos (oa? + 6) = 2 sm - cos I oa; + 6 + —z — 1 , 

A • / 7\ ^•^•/ .7 o + 7r\ 
A sin {ax + 6) = 2 sin - sm f oa; + o H — —] , 



64 FINITE INTEGRATION. [CH. IV. 

we have 

S COS (aa; + J -I — - — J= ' + C;, 



2sm- 
2 



\» • ^ , 7. . « + ^^ sm(aa?4-&) . ^ 
Ssm(aa; + o + — ^)= ^ + C 

2 sin I 
Hence changing h into h — , we have 

cos (aa; + 6 —\ 

Scos(aa; + J)= !^^ l-i+(7 (9), 

2* tt 
sm- 



sin {(m-k-b ' — I 



2sin(aa; + J)= ^ S— : + C (10). 

-_ • c& 

2sin- 

2 

The values of 

% cos (aa; + S) ^ (a;), S sin (oa? + J) ^ (x), 

may now be obtained, either by integration by parts, or by 
expressing the trigonometrical functions in their exponential 
forms, applying the general theorem (8), and reducing the re- 
sults to a rational form. 

Thus also we might integrate any function of the form 
. {ax + J) €***<^ {x)y or resolvable into terms of this form. 

6th. Miscellaneous Forms. When a function proposed for 
integration cannot be referred to any of the precedmg forms, it 
will be proper to divine if possible the farm of its integral 
from general knowledge of the eflfect of the operation A, and 
to determine the constants by comparing the difference of the 
conjectured integral with the function proposed. 

Thus since 

Aa'^ (x) = a*-^ {x) , 
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where -^ (x) == a<^ (a? + 1) — ^ {x) , it is evident that if <^ (x) be a 
rational fraction y^ {x) will also be such. Hence if we had to 
integrate a function of the form d^yfr {x), y^ (x) being a rational 
fraction, it would be proper to try first the hypothesis that the 
integral was of the form a*^ (a?) , 6 (a?) being a rational frac- 
tion the constitution of which would be suggested by that of 
ylr{x). 

Ex. Thus it miay be conjectured that the integral of 
— ^ ^ , if finite, will contain — as a factor. And — proves 

X \X ~T" X ) X X 

to be its actual value omitting the constant. 

Thus also, since Asin"^^(a?), Atan"^^(aj), &c., are of the 
respective forms sin"^'^(a;), tan"^'\/r(ic), &c., -^(o;) being an 
algebraic function when ^{x) is such, and, if tan"^ be em- 
ployed, rational if ^ {x) be so, it is usually not difficult to 
conjecture what must be the forms, if finite forms exist, of 

Ssin"^'\/r(a7), Stan"^'^(a;), &c., 
yjr {x) being still supposed algebraic, 

Ex. Thus it will be found that tan"* s is in- 

p + qx-t rx 

tegrable in finite terms whenever the condition 

is satisfied. The result is 

t tBxT' . ^ . 5= C'+tan"* ^— — (11). 

p + qx + rx r — y— 2ra? ^ ' 

(Herschel's Examples, p. 58.) 

The above observations may be generalized. The operation 
denoted by A does not change or aniiul the functional cha- 
racteristics of the subject to which it is applied. It does not 
convert transcendental into algebraic functions, or one species 
of transcendental functions into another. And thus, in the 
inverse procedure of integration, the limits of conjecture are 
narrowed. In the above respect the operation A is unlike 
that of difierentiation, which involves essentially a procedure 
to the limit, and in the limit new forms arise. 



Ex. Kequired S — 7 — ttt* 

^ cos ofic . cos a (a? + 1) 
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The integral must be trigonometrical, and its factorial form 

shews that it must involve cos oo; as a denominator. The 

^ . tanoo; ^ 

proper form is —, f- (7. 

^ ^ sm a 

Summation of Series. 

3. The application of the Calculus of Finite Differences to 
the summation of series has been already referred to in Art. 1. 
From what is there said it appears that to determine the sum 
of any portion of a series the general expression of whose terms 
is known, we must integrate the term which follows that por- 
tion, and determine the arbitrary constant by observing with 
what term the portion begins. 

Ex. Thus, to sum the series l* + 2' + 3'... +a^ we must 
first integrate {x + 1)*. 

Now 2 {x+iy = t{l+Sx + x{x-'l)} 

Sx{x-1) x{x--l){x-2) ^ 
^x+ + +C. 

To determine C we observe that when x = l the series is 
reduced to its first term 1. Hence 1 = 1 + (7, and therefore 
0=0. 

It is often more convenient to integrate the last term of that 
portion whose sum is required, thus obtaining the sum of the 
preceding terms, and then to add the last term to the result. 

Thus in the above example we should have 

^ x{x-^l) x{x-l){x''2) , 
2 3 ■*" 

on determining the constant. 

It must always be carefully noted what is really the inde- 
pendent variable. Thus if the series be 

the true variable is n. Accordingly, S^ denoting integration 
with respect to w, we have 

ic^ + a;"-'' ... + «* = Sna?*-"' = xt^x"" 



x-l 
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To determine C we observe that when n = a the series re- 
duces its first term. Hence 

o+l 

a? — I 



aj-1 a;-!' 
and we have 

•C "t* cc • • • "T" a? ^— I « 

a?— 1 

the known expression. 

Ex. To sum the series l'-2' + 3'-4'... + ai*. 
Here 2t*^, = S (-ir(aj + l)«. 

Keducing by (8) Art. 2, we have finally 

^^*+i=(-"i) — 2 — " 

Ex. To sum the series -— ^ + ^r-T+ 7r-7 ••• + 






1.3 2.4^3.5'"^a?(a; + 2)" 
1 



(a?+l)(a;+2)(a; + 3) 



'^l(a;+l)(a; + 2) (aj + 3) "^ (a?+ 2) (a:4-3). 



= (7- 



2(a;+l) (a; + 2) aj+2* 



When a? = 1 the sum of the series is - , therefore 0=- . 

o 4 

And on reducing 

^^*+*""4(a? + l)(a?+2)' 
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4. When a series proceeds by powers of some quantity x, 
it frequently happens that its finite value can be obtained 
for some particular value of aj, but not for any other value. 
The following is an illustration. 

Ex. To sum, when possible, the series 

l^,x 2*, a? S'.a;^ 

+ -~-7-+ .', +&c. to n terms (a). 



2.3 3.4 4.5 
The w*** term, represented by u^, being 



w'.aj** 



(n + l)(7i + 2)' 
we have 



n^x"^ ^ n*aj* 



^^•Hi=(^ + l)(^ + 2) + ^ {n+l){n + 2) ^^^• 

Now remembering that the summation has reference to n, 
assume 



(n + l)(w + 2) n+1 
Then, taking the diflference, we have 



x\ 



a;V 



^ nL ^(^+l) + & an + b ) 

+ 2) ( w + 2 n+lj 



= a; 



(n 4- 1) {n 

a {x-l)n''+{2a+b) {x-1i)n+(a+h)x-2h 

{n + l){n+2) 

That these expressions may agree we must have 
a(a?-l) = l, (2a + J) (a;-l) = 0, (o + J)a;-2& = 0. 
Whence we find 

The proposed series is therefore integrable if a? = 4, and 
we have 

^ 4'.n' ln-2 ^ 

'^(n + l)(n + 2)~3n + l "*" 

Substituting in (i), determining the constant, and reducing, 
there results 
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1V4 2*.4* n'4* 4^*^^ n^l 2 ,. 

2.3"^3.4*""^(/* + l)(n + 2)~ 3 •n + 2'^3"**^''^' 



Connexion of methods. 

5. The series discussed in the preceding article admit also 
of the method of treatment developed in the treatise on Dif- 
ferential Equations (p. 435), and it is very interesting to 
compare the modes in which the same conditions of finite 
algeoraic expression present themselves in solutions so totally 
distinct in fcrm. The last example will serve as an illus- 
tration. 

If we make x = €*, the series (a) becomes 

+ ■;; — r ••• + 



2,3 3,4 ' [n + l){n + 2) 

i)2 ^(n^l)B _ ^0 



g(«+l)«_g« 



(i> + l)(i>4-2) 6^-1 

=:{i+(i)+ir~4(i>+2ni-^ 

Efiecting the integrations by means of the theorem 
{D + ay 4> {6) = €-"* D-\ €«* 4> [6), 

and then restoring a;, we have for the sum of the series the 
expression 



X T'^"] z-dx 5/ —dx. 

aj — 1 xJq a?— 1 aj A a? — 1 



Now let a; = 4. Then substituting 4 for x in the terms 
without the sign of integration and in the upper limit, we 
have 

3 ^4jo x-l 4J, x-l 
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4"-l K^aT'-x-a^^i^ 



4"- 



3 4j^ x-l 



= 4 



3 
4*- 



^4JoU-l x-^l ) 



= 4 

The integration can now be effected, and we have as the 
result 

4" - 1 1 /, 4"^' \ 

"■ 3 n + 2"*"3' 
as before. 

But what is the ground of connexion between the two 
methods f 

It consists in the law of reciprocity established by the 
theorem of Chap. ii. Art. 11, viz. 

<^(^) and ^^{t) being functions developable by Maclaurin's 
theorem, and t being made equal to after the implied opera- 
tions are performed. 

To establish this let the proposed series be 

<^(a) + ^(a + l) + ^(a + 2)...+^(n). 
Its corrected value found by the method of this chapter is 

2<^(7i + l)-S<^(a), 

the summation having reference to n in the first and to a in 
the second term. 

Its value found by the other method is 
where, after the implied operation, e* = 1 and therefore ^ = 0. 
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Now by the law of reciprocity, as < = 0, 



d 



since < is connected with n in the one term and with a in the 
other by the sign of addition. And now, making ^ = 0, the 
expression reduces to 

S<^(w + 1)-S<^(a), 
which agrees with the previous expression. 

Conditions of extension of direct to inverse forms, 

6. From the symbolical expression of 2 in the forms 

(^ — 1)"\ and more generally of S* in the form (e** — 1)"*, 
flow certain theorems which may be regarded as extensions 
of some of the results of Chap. il. To comprehend the true 
nature of these extensions the peculiar interrogative character 

of the expression (6'^--l)""t*a. must be borne in mind. Any 
legitimate transformation of this expression by the develop- 
ment of the symbolical factor must be considered, in so mr 
as it consists of direct forms, to be an answer to the question 
which that expression proposes; in so far as it consists of 
inverse forms to be a replacing of that question by others. 
But the answers wiU not be of necessity sufficiently general, 
and the substituted questions if answered in a perfectly im- 
restricted manner may lead to results which are too general. 
In the one case we must introduce arbitrary constants, in the 
other case we must determine the connecting relations among 
arbitrary constants ; in both cases falling back upon our prior 
knowledge of what the character of the true solution must be. 
Two examples will suffice for illustration. 

Ex. !<. Let us endeavour to deduce symbolically the ex- 
pression for St^„ given in (3), Art. 1. 
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d 



Now 2w« = (e*" - 1)-' M, 






= (€'^+e"'^+&c.)t*. 

Now this is only a particular form of 2^^? corresponding 
to a = — QO in (3). To deduce the general form we must 
add an arbitrary constant, and if to that constant we assign 
the value 

we obtain the result in question. 

Ex. 2, Let it be required to develope Swa-v, ii^ a series 
proceeding according to %v^^ 2*i?„ &c. 

We have 

D referring to x only as entering into Wj., D* to x only as 
entering into v^ 

Now i)'=:A' + l, therefore 

= (i)-^A'-* - iTA'-^A + 2)-«A'-«A» - &c.) t*, v, 

the theorem sought. 

In applying this theorem, we are not permitted to introduce 
unconnected arbitrary constants into its successive terms. If 
we perform on both sides the operation A, we shall find that 
the equation will be identically satisfied provided A2"m, in any 
term is equal to 2""*t*-B in the preceding term, and this imposes 
the condition that the constants in S^'V^. be retained with- 
out change in 2"w<j. And as, if this be done, the equation will 
be satisfied, it follows that however many those constants may 
be, they will effectively be reduced to one. Hence then we 
may infer that if we express the theorem in the form 

2w.t;,= G+u^^tv^-^u^^t\+L^u^t\ (1), 
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we shall be permitted to neglect the constants of integration, 
provided that we always deduce S"Va. by direct integration of 
the value of S^'^v^. in the preceding term. 

If u„ be rational and integral, the series will be finite, and 
the constant C will be the one which is due to the last inte- 
gration efiected. 



EXERCISES. 

1. Find by integration the sum of the series 

l'+2" + 3»-..+ 10'. 

2. Sum the series 

27374:6+3:^576 + rj^+^''- ^ * *"™'- 

3. Sum the series 

1'.4 2'.4'' 3". 4" . 4*.4* , „ ^ , 
23 + 174 +475+ 576- + *°' *"'^*«"^- 

4. Prove that 

l'4-2' + 3'...+x'=(l + 2...+a;)'. 

5. Sum the series 

1 + a cos ^ + a' cos 2^ ... + a*"* cos {x — 1) 0. 

6. The successive orders of figurate numbers are defined 
by this, viz. that the x^ term of any order is equal to the sum of 
the first X terms of the order next preceding, while the terms 
of the first order are each equal to unity. Hence, shew that 
the x^ term of the n^ order is 

x{x+ 1) (a? + 2) ... (a? + y^-2) 
1.2... (w-l) 

7. It is always possible to assign such values of s, real or 
imaginary, (being tne roots of an equation of the n^ degree) 
that the function 

{a + fix + ya?..,+ vx"") s' 
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shall be integrable in finite terms, a, jS, ••• i/ being any con- 
stants, and % of the fonn ax + b. (Herschel's Examples of 
Finite Differences^ p. 47.) 

8. Sum the series 

1111 

+ -: — tra + -: — T7\ + - — TTTi + &c. to X temis. 



sind sin2& sin 40 sin 86^ 

9. Demonstrate the following expression (different from 
that of Art. 6) for Swa-v,, viz. 

10. Prove the more general theorem 

+ "^^^ AXS'^^i?^, - &c., ad inf. 

11. Prove the theorem 

2w, = (7+ xwaui - ^^^^2 ^^*^ 

, aj(a;--l) (a?--2) ., « , . - 

+ ^23 ^^*-8 - &<^-> ^ «^/- 

12. Expand 2^ (a?) cos 2mx in a series proceeding accord- 
ing to the differences oi <f>{x). 
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CHAPTER V, 

CONVERGENCY AND DIVERGENCY OF SERIES, 

1. A SERIES is said to be convergent or divergent accord- 
ing as the sum of its first n terms approaches or does not 
approach to a finite limit when n is indennitely increased. 

This definition leads us to distinguish between the con- 
vergency of a series and the convergency of the terms of a 
series. The successive terms of the series 

IH 1 1 1 1- &c. 

2345 

converge to the limit 0, but it will be shewn that the sum 
of n of those terms tends to become infinite with n. 

On the other hand, the geometrical series 

is convergent both as respects its terms and as respects the 
sum of its terms. 

2. Two cages present themselves. 1st. That in which 
the terms of a series are all of the same or are ultimately all 
of the same sign. 2ndly. That in which they are, or ulti- 
mately become, alternately positive and negative. The latter 
case we propose, on account of the greater simplicity of its 
theory, to consider first. 

Prop. I. A series whose terms diminish in absolute value, 
and are, or end with becoming, alternately positive and negative, 
is convergent^ 

Let Wj — Wg + Wg — w^ + &c. be the proposed series or its 

B. F. D. 5 
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terminal portion, the part which it follows being in the latter 
case supposed finite. Then writing it in the successive forms 

^1-^2+ K - W4) + K- ^a) + &C (1), 

^i-K-«*a)-K-^6)-&C (2), 

and observing that w^- Wj, u^ — u^, &c. are by hypothesis 
positive, we see that the sum of the series is greater than 
u^ — Mj and less than u^. The series is therefore convergent. 

Ex. Thus the series 

l-l + l-\ + l-&^<^ in- 
tends to a limit which is less than 1 and greater than | . 

3. The theory of the convergency and divergency of series 
whose terms are ultimately of one sign and at the same time 
converge to the limit 0, will occupy the remainder of this 
chapter and will be developed in the following order. 1st. A 
fundamental proposition due to Cauchy which makes the test 
of convergency to consist in a process of integration, will be 
established. 2ndly. Certain direct consequences of that pro- 
position relating to particular classes of serieis, including the 
geometrical, wul be deduced. 3rdly. Upon those conse- 
quences, and upon a certain extension of the algebraical 
theory of degree which has been developed in the writings of 
Professor De Morgan and of M. Bertrand, a system of criteria 
general in application will be founded. It may be added 
that the first and most important of the criteria in question, 
to which indeed the others are properly supplemental, being 
founded upon the known properties of geometrical series, 
might be proved without the aid of Cauchy's proposition ; 
but for the sake of unity it has been thought proper to ex- 
hibit the difierent parts of the system in their natural rela- 
tion. 

Fundamental Proposition. 

4. Prop. If the fwnction <f>{x) he positive in sign hut 
diminishing in value as x varies continu^ously from a to cc ^ 
then the series 

if>{a) + <^(a + 1) + <^(a+ 2) 4- &c. ad inf. (3). 
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will be convergent or divergent according as I <f>{x)dx is finite 

J a 

or infinite. 

For since <^(aj) diminishes from x=:a to a5 = a + l, and 
again from x^^a+l toaj = a + 2, &c., we have 



ro+l 

I <l){x)dx<<f}{a), 

J a 



a 
•a-fS 



I (l>{x)dx<<l){a+l)f 

J a+t 

and so on, ad inf. Adding these inequations together, we 
have 

I (l>{x)dx<<l){a) +<]}{a + l) ... + &C. ad inf..... {^). 

J a 

Again, by the same reasoning, 

/•O+l 

I <l}{x)dx><l>{a + l), 

J a 
ro+a 

I (l>{x)dx><l>{a + 2)^ 

J a+i 

and so on. Again adding, we have 

I <f}{x)dx>(l}{a + l) '{■<f}{a + 2) ... + &C (5). 

Thus the Integral I ^ {x) dx, being Intermediate in value 

a 

between the two series 

<l>{a) + (f}{a + l) + <l>{a + 2) .,. 

(l>{a + l) + <l>{a + 2) ... 

which differ by <f>{a), will differ from the former series by a 
quantity less than <^(a), therefore by a finite quantity. Thus 
the series and the Integral are finite or infinite together. 

Cor. If in the ineqtiation (5) we change a into a — I, and 
compare the result with (4), it will appear that the series 

^(a) +^(a + l) + <^(a + 2) ... adinfi 

5—2 
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has for its inferior and superior limits 

I <l>{x)dXf and I <f>{x)dx (6). 

The appKcation of the above proposition will "be sufficiently 
explained in the two following examples relating to geome- 
trical series, and to the other classes of series involved in the 
demonstration of the final system of criteria referred to in 
Art. 3. 

Ex. 1. The geometrical series 

l4-A + A* + A' + &c. ad inf. 

is convergent if A < 1, divergent if A ^ 1. 

The general term is A*, the value of a? in the first term being 
0, so that the test of convergency is simply whether | h*dx 
is infinite. Now 



^ 



log A • 

If A > 1 this expression becomes infinite with x and the 
series is diverging. If A < 1 the expression assumes the finite 

yajiie "" . The series is therefore converging. 
logA 

If A = l the expression becomes indeterminate, but, pro- 
ceeding in the usual way, assumes the limiting form ajA* 
which becomes infinite with x. Here then the series is 
diverging. 

Ex. 2. The successive series 

1 1 1 « 

a{logar+(a4-l){log(a + l)r^^''- 



^fk + /^ . ,M^^/^ . .NM^^I^^/^ . .Mm +&C' 



a log a (log log a)"* (a+1) log (a+1) {loglog (a+1)}* 



(7), 



ART. 4.] CONVERGENCT AND DIVERGENCY OF SERIES. 69 

a being positive, are convergent if m>l, and divergent 
if m ^ 1. 

The determining integrals are 

r^ r dx r dx 

Jaaf'' j„aj(loga?)"" J „ a: log a? (log log a?)"" 

and their values, except when m is equal to 1, are 

^i-m_^i-^ (loga;)i-^,(loga)^-^ (logloga;)^-^- (log log a)^"^ 
— w 1 — m 1— m 

in which a? = oo . All these expressions are infinite if wi be 
less than 1, and finite if m be greater than 1. I£m = l the 
integrals assume the forms 

log aj-log a, log log a?— log log a, logloglog a?— log log log a &c. 

and still become infinite with x. Thus the series are con- 
vergent if w > 1 and divergent if m ^ 1. 

5. Perhaps there is no other mode so satisfactory for 
establishing the convergencv or divergency of a series as the 
direct application of Cauchy's proposition, when the inte- 
gration which it involves is possible. But, as this is not 
always the case, the construction of a system of derived rules 
not involving a process of integration becomes important. To 
this object we now proceed. 

First derived Criterion. 

Prop. The series u^ + Wj + Wj* • • ^^ ^V-j ^^' wTiose terms are 
supposed positive, is convergent or divergent according as the 

ratio "^^ tends, when x is indefinitely increased, to a limiting 

Ugg 

value less or greater than unity. 

Let h be that limiting value ; and first let h be less than 1, 

and let h be some positive quantity so small that h + k shall 

u 
also be less, than 1. Then as -^^ tends to the limit h, it is 
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possible to give to x some value n so large, yet finite, that for 

that value and for all superior values of x the ratio -^^ shall 

lie within the limits h + k and h — k. Hence if, beginning 
with the particular value of ar in question, we construct the 
three series 

u^+{h + k) w^ + {h + kfu^ + &c. 1 • 

w« + w«+i + u^ +&C. > (8), 

each term after the first in the second series will be inter- 
mediate in value between the corresponding terms in the first 
and third series, and therefore the second series will be 
intermediate in value between 



""- and ""- 



l-(A + ;k) \-{h-k)' 

which are the finite values of the first and third series. And 
therefore the given series is convergent. 

On the other hand, if h be greater than unity, then, giving 
to k some small positive value such that h — k shafl also 
exceed xmity, it will be possible to give to x some value n so 

large, yet finite, that for that and all superior values of x, ~25±i 

^« 

shall lie between h + k and h — k. Here then still each term 

after the first in the second series will be intermediate between 
the corresponding terms of the first and third series. But 
A + A and h — k being both greater than imity, both the 
latter series are divergent (Ex. 1). Hence the second or 
given series is divergent also. 



Ex. 3. The series l + « + -— +_— _ + &c., derived 
from the expansion of €*, is convergent for all values of U 

For if 

f r» 



1.2. ..a?' *+* 1.2... (a;+l) ' 
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then '^= * 



and this tends to as a; tends to infinity. 

Ex. 4. The series 

a a(a + l) . a{a + l){a + 2) 

is convergent or divergent according as t is less or greater 
than unity. 

Here ./ - « (« + l) (a + 2) ... (a + a?->l) • 

^^""^ ""' " b{b + l){b + 2)...{b + x^l) ^' 

Therefore ^ = ^^, 

and this tends, x being indefinitely increased, to the limit L 
Accordingly therefore as ^ is less or greater than unity, the 
series is convergent or divergent. 

If ^ = 1 the rule fails. Nor would it be easy to apply 
directly Cauchy's test to this case, because of the indefinite 
number of factors involved in the expression of the general 
term of the series. We proceed, therefore, to establish the 
supplemental criteria referred to in Art. 3. 

Supplemental Criteria. 

6. Let the series under consideration be 

Ua + Ua^^ + u^ + Ua^^ ... ad inf. (10), 

the general term m^ being supposed positive and diminishing 
in value from x = a to x = infinity. The above form is 
adopted as before to represent the terminal, and by hypothesis 
positive, portion of series whose terms do not necessarily begin 
with being positive; since it is upon the character of the 
terminal portion that the convergency or divergency of the 
series depends. 

It is evident that the series (10) will be convergent if its 
terms become ultimately less than the corresponding terms 
of a known convergent series, and that it will be divergent 
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if its terms become ultimately greater than the corresponding 
terms of a known divergent series. 

Compare then the above series whose general term is w, with 

the first series in (7), Ex. 2, whose general term is -j^ . Then 

a condition of convergency is 

1 

X 

m being greater than unity, and x being indefinitely increased. 
Hence we find 

m 1 

/. m log X < log — ; 



w. 



log — 



Ux 



log a? ' 
and since m is greater than unity 

log — 

logo? 

On the other hand, there is divergency if 

1 

X 

X being indefinitely increased, and m being equal to or less 
than 1. But this gives 

m> 



Log a; 
and therefore 

loff — 

■2 <1. 

Log a? 
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It appears therefore that the series is convergent or divergent 

according as, x heing indefinitely increased, the junction \ ' 

vog on 

approaches a limit greater or less than unity. 

But the Kmit being unity, and the above test failing, let 
the comparison be made with the second of the series in (7). 
For convergency, we then have as the limiting equation, 



^'^xilogx)"^' 



m being greater than unity. Hence we find, by proceeding 
as before, 

log — 

J^^' - 1, 
log log X 

And deducing in like manner the condition of divergency, we 
conclude that the series is convergent or divergent according as, 

log 

X being indefinitely increased, the Junction 4 , ^ tends to 

a limit greater or less than unity. 

Should the limit be unity, we must have recourse to the 
third series of (7), the resulting test being that the proposed 
series is convergent or divergent according as, x heing indefinitely 

X loa Qijijb 
increased, the function , f '^ ^ tends to a limit greater 

•^ log log log X ^ 

or less than unity. 

The forms of the functions involved in the succeeding tests, 
ad inf., are |now obvious. Practically, we are directed to 
construct the successive functions. 



Ug xu^ xlxu„ xlxllonu^ o ..V 

IT' iii'~wr' mix ' ^"^ ^^^' 



and the first of these which tends, as a? is indefinitely increased 
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to a limit greater or lese than unity, determines the series to 
be convergent or divergent. 

The criteria may be presented in another form. For 

representing — by <^ (a?), and applying to each of the functions 

in (A), the rule for indeterminate functions of the form — , 

we have 

l<l}{x) ^ if>'{x) ^ l^a?f (a?) 

Ix "" <^ (a?) * 0? "" <^ (aj) ' 

X ^(<]>'{x) 1) , 1 
llx l^(^) ^j a; log a? 

and so on. Thus the system of functions (A) is replaced by 
the system 

<i>{x)^ ""Uw" 1' 

llx \lx L ^^ - 4 ■" ^1 ' *"" ^^^* 

It was virtually under this form that the system of functions 
was originally presented by Prof. De Morgan, {Differential 
Calculus, pp. 325—7). The law of formation is as follows. 
If P„ represent the rfi^ function, then 

p^.=?«x(p.-i) (11). 

7. There exists yet another and equivalent system of de- 
termining functions which in particular cases possesses great 
advantages over the two above noted. It is obtained by sub- 

u (D I a?) 

stituting in Prof. De Morgan's forms -^ — 1 for \) i . The 

lawfulness of this substitution may be established as follows. 

Since u, = . , v , we have 

</> (a?) ' 
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M, 



_l=te±ll_l 



«^l ^ {x) 

_ <f>ix + l)-<f)(x) 
<i>{x) 

Now by a known theorem on the limits of Taylor's series, 

^(aj + l)-(^(aj)=f(a;4-^), 
being some quantity between and 1. Hence 



w« 



"^(^) ^'(«^) ^ ^' 

Now - !^, . . ^ has 1 for its limiting value ; for, since w, 

by hypothesis converges to as a; is indefinitely increased, 

4> ix) tends to become infinite, and therefore \ , . assumes 

<t>{x) 

the form — ; therefore 

QO' 

<^ {x) 4> {x) 

<b(x) 

But the first member has for its limits t4\ ^^^ 

<l>{x) 

^ i^/,^^ , i.e. 1 and t^±^ ; and the latter ratio tends to 

unity as a? is indefinitely increased, since by hypothesis 

-^ tends to that limit. Hence ^ ]^, , . ^ tends to the limit 1. 
u„ <l> {x) 

Thus (12) becomes 

Substituting therefore in (B), we obtain the system of 
functions 
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'^WKi;-')-'}]*"- "='■ 

the law of formation being still P^^ = Vx (P„ — 1). 

8. The results of the above inquiry may be collected into 
the following rule. 

Rule. Determine first the limiting value of the function 

u 

-^^ . According as this is less or greater than unity the series 

is convergent or divergent. 

But if that limiting value he unity ^ seek the limiting values 
cf whichsoever is most convenient of the three systems of func- 
tions (A), (B), (C). According as, in the system chosen, the 
first function whose limiting value is not unity, assumes a 
limiting value greater or less than unity ^ the series is conver- 
gent or divergent. 

Ex. 5. Let the given series be 

1 + 4+4+ 4 +&C (13). 

2* 3' 4* 

Here w» = "i+r> therefore, 



x' 






{x+1)^' {x+l) 

and X being indefinitely increased the limiting value is unity. 

Now applying the first criterion of the system (A), we 
have 

u^ X ic + l 

Ix Ix 0? ' 

and the limiting value is again unity. Applying the second 
criterion in (A), we have 

Qcu„ hf _ Ix 
llx "" llx '^ xllx^ 
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the limiting value of which found in the usual way is 0. 
Hence the series is divergent. 

Ex. 6. Resuming the hypergeometrical series of Ex. 4, viz. 

a a(a + l) ^ a{a+l){a + i) ^ . ^_ 
^ + 6^-^^(6 + 1) ^■^J(i+l)(6H-2)^ + *^-(^^^' 

we have, in the failing case of *= 1, 

_ a (a + 1) ... (a +aj— 1) 
i(6 + l)...(6 + a;-l) * 






Therefore ^i = ^±? 

w. 6 + a; 

and applying the first criterion of (C), 

__ (i - a) a? 

which tends to the limit J — a. The series is therefore con- 
vergent or divergent according as J — a is greater or less than 
unity. 

If J — a is equal to unity, we have, by the second criterion 
of(C), ' ' 

— alx 

since J — a = 1. The limiting value is 0, so that the series is 
stiU divergent. 

It appears, therefore, 1st, that the series (14) is convergent 
or divergent according as t is less or gjreater than 1 ; 2ndly, 
that if ^ = 1 the series is convergent if 6 — a > 1, divergent 

if J — a ^ 1. 

9. The extension of the theory of degree referred to in 
Art. 3, is involved in the demonstration of the above criteria. 
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When two functions of x are, in the ordinary sense of the 
term, of the same degree, i. e. when they respectively in- 
volve the same highest powers of x, they tend, x being 
indefinitely increased, to a ratio which is finite yet not equal 
to ; viz. to the ratio of the respective coeflBcients of that 
highest power. Now let the converse of this proposition be 
assumed as the definition of equality of degree, i.e. let any 
two functions of x be said to be of the same degree when 
the ratio between them tends, x being indefinitely increased, 
to a finite limit which is not equal to 0. Then are the 
several functions 

x (&)"•, xlx [Ux)"^, &c., 
with which — or ^ (a?) is successively compared in the de- 



«*. 



monstrations of the successive criteria, so many interposi- 
tions of degree between x and a?*"*^, however small a may 
be. For x being indefinitely increased, we have 

,. xihc)"^ ,. x(lxY' ^ 

\\m ' = 00 , lim — ^T+j- = 0, 

X X 

,. xlxillxY' ,. xUcillxT ^ 

BO that, according to the definition, x (Za?)*" is intermediate in 
degree between x and a;*"^, xlx (llx)^ between xlx and 
x (fo)^"^, &c. And thus each failing case, arising. from the sup- 
position of m = 1, is met by the introduction of a new function. 

It may be noted in conclusion that the first criterion of the 
system (A) was originally demonstrated by Cauchy, and the 
first of the system (C) by Raabe ( CVeZfejVol. ix.). feertrand*, 
to whom the comparison of the three systems is due, has de- 
monstrated that if one of the criteria should fail from the 
absence of a definite limit, the succeeding criteria will also 
fail in the same way. The possibility of their continued 
failure through the continued reproduction of the definite 
limit 1, is a question which has indeed been noticed but has 
scarcely been discussed. 

* Liouville's Joumaly Tom. vii. p. 35. 
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EXEECISES. 

1. Find, by an application of the fundamental proposition, 
Art. 4, two limits of the value of the series 

-a + a . . 4- 2 . >, H — m, + &c. ad inf. 
a a+1 a +4 a+d -^ 

In particular shew that if a = 1, the numerical value of the 



series will lie between the limits -r and - . 

2 4 

2. The series ^"•■^ + -^ — Y + &c. is convergent if x is 

iS o 4 

equal to or less than imity, divergent if x is greater than 
unity. 

3. Prove, from the fundamental proposition. Art. 4, that 
the two series 

6{l) + (l>(2)+if>{3) + &c.admf. ) , . 

I (1) + ^^ (^) + m^^ (^«) + &c. ad inf] ' ^ ^^^"S P^«^^^^' 

are convergent or divergent together. 

4. The hypergeometrical series 

1 .^^4.^i^±llii*±i)^«.&c 
^^cd''^c{c + l)d{d+l)^^^^' 

is convergent if a? < 1, divergent if a? > 1. 

If aj = l it is convergent ifc + cZ — a — J>1, divergent if 
c-HcZ — a — 6 < 1. 

3* 4" 

5. The series 1 4- 2" + -5+5 + -5+5 + &c. is convergent if 

Z 6 

6 > 1, divergent if & < 1. 
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CHAPTER VI. 

THE APPBOXIMATE SUMMATION OP SERIES. 

1. It has been seen that the finite summation of series 
depends upon our ability to express in finite algebraical terms, 
the result of the operation S performed upon the general term 
of the series. When such finite expression is beyond our 
powers, theorems of approximation must be employed. And 
the constitution of the symbol 2 as expressed by the equation 

s=(^-ir...(i), 

renders the deduction and the application of such theorems 
easy. 

Speaking generally these theorems are dependent upon the 

development of the symbol S in ascending powers of -j- , or, 

under particular circumstances, in ascending powers of A. 
Hence two classes of theorems arise, viz. 1st, those which 
express the sum of a series whose general term is given, by 
a new and rapidly convergent series proceeding according to 
the differential coeflBcients of the general term, or to the 
differential coefficients of some important factor of the general 
terra ; 2ndly, those which differ from the above only in that 
differences take the place of differential coefficients. The 
former class of theorems is the more important, but examples 
of both and illustrations of their use will be given. 

2. Prop. To devehpe ^u^ in a series proceeding hy the 
differential coefficients ofu^,. 

Since Sw^ = (e** - !)■* w^, we must expand (e** - 1)"* in 
ascending powers of -j- , and the^brw of the expansion will 
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be determined by that of the fimction (e* — 1)"\ For sim- 
plicity we will first deduce a few terms of the expansion and 
afterwards determine its general law. Now 

t-\ 1 1 h&c. 

^2 2.3 2.3.4 

I 1 t f ^ 
= 7-2 + 12-720 + *^ (1)' 

on actual division. Hence replacing ^ by -7- and restoring 
the subject w^., we have 

= C+JuJa:--u,+--^- — -^' + &c (2). 

For most applications this would suflSce, but we shall proceed 
to determine the law of the series. 

The development of the function (e*— 1)"^ cannot be directly 
obtained by Maclaurin's theorem, since, as appears from (1), 
it contains a negative index; but it may be obtained by 

expanding -j — - by Maclaurin's theorem and dividing the 

result by t. 

Keferring to (1) we see that the development of -^ — - wilt 

have — i ^ for its second term. It will now be shewn that 
this is the only term of the expansion which involves an odd 
power of t. Let 

It being the sum of all the other terms of the expansion. 
Then 

B. F. D, 6 
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f f 

< / + €"' 

S% t t i 

and as this does not change on changing t into — t, the terms 
represented by B contain only even powers of t. 

Now if for the moment we represent e' — 1 by 0y we have 

t _ iog(i+g) e ff' e^ 

€•-1 e -^ 2+3 4+*^*'- 

= x-i=i+fci>-'-<£^%&c (3). 

But by the secondary form of Maclaurin's theorem, Chap. ii. 
Art. 11, 

(e^- 1)* = -=r f + =r* ^ + -. f^+ &c., 

^ n+l\ n + 2\ 

A**0"' 
in which the coeflScient of C is -==i-. Hence the coefficient 

m\ 

of r in (3) is 

=i:|o«-iAO'" + JA'0'"... + t:^A'^o4 (4), 

m\ I m + 1 J 

since A"0"* vanishes when n is greater than m. It is to be 
noted that when w = we have 0*^ = 1 and m"| = 1. 

The expression (4) determines in succession all the coeffi- 
cients of the development of ^(e*— 1)'^ in ascending powers 
of t. It must therefore, and it will, vanish when m receives 
any odd value greater than 1, 

From these results we may conclude that the development 
of (e* — 1)"^ will assume the form 

{e'-iy' = ^ + A, + A^t + A/ + A/ + &c (5), 

where in general A^^ is expressed by (4), 
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It is however customary to express this development in the 
somewhat more arbitrary form 

(e'-ir=i-| + ^*-|v + ^^-&c (6). 

The quantities B^, B^, &c. are called Bernoulli's numbers, 
and their general expression will evidently be 

^.-. = (-ir{-iA0" + 4A»0-... + ^ (7). 

Hence we find 

S«,= C+/«^-K + f|g-^^ + &c (8). 

Or, actually calculating a few of the coefficients by means of 
the table of the differences of given in Chap, ii.. 



Sw„ = G+ju^dx - -u„ + 



1 du„ 1 d^^„ 



V 



12 dx 720 dx 



,3 



1 ^U^ 



3. Before proceeding to apply the above theorem a few 
observations are necessary. 

Attention has been directed {Differential Equations, p. 376) 
to the interrogative character of inverse forms such as 

(e^-l)-»M,. 

The object of a theorem of transformation like the above is, 
strictly speaking, to determine a function of x such that if we 
perform upon it the corresponding direct operation (in the 

above case this is €*" — 1) the result will be w^. . To the in- 
quiry what that function is, a legitimate transformation will 
necessarily give a correct but not necessarily the most general 
answer. Thus C in the second member of (8) is, from the 
mode of its introduction, the constant of ordinary integration ; 
but for the most general expression of Sw» C ought to be a 

6—2 
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periodical quantity, subject only to the condition of lesnming 
the same valae for yalaes of x differing bj nnitj. In the 
applications to which we shall proceed the yalaes of x in- 
volved will be integral, so that it will suffice to regard C as 
a simple constant. Still it is important that the true relation 
of the two members of the equation (8) should be understood. 

The following table contains the values of the first ten of 
Bernoulli's numbers calculated from (7), 

T> _1 7? —A- 7? L 7? =--L »— A 

^^■"6' »""30* *"42* ' 30* •""66* 

7? -.-5?L 7? -I 7? -?^ 
^*~2730* """6* ""510 ' 

43867 1222277 . 

^" = "79r* ^'• = "2310" ^^^^• 

It wiU be noted that they are ultimately divergent. It can 
seldom however be necessary to carry the series for 2t«, further 
than is done in (9), and it will be shewn that the employment 
of its convergent portion is sufficient. 



Appltcatians, 

4. The general expression for Sw, in (9), Art. 2, gives us 
at once the mtegral of any rational and entire function of a?. 

Ex. 1. Thus making u^ = x\ we have 

J 2 12 dx 720 €&• 

yni X X X X 

"^ 5^"¥'^F"30* 

But the theorem is of chief importance when finite sum- 
mation is impossible. 

Ex. 2. Thus making w, = -3 , we have 
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^^^^"x"^ +12 V^j"720(, ^?-j"*^- 

The value of G must be determined by the particular con- 
ditions of the problem. Thus suppose it required to determine 
an approximate value of the series 

1 1 J^ 1 

p + g^'^S'^ - +(a;_i)«- 

Now by what precedes, 

ia.1 ^ 1 ^11 1,1 o 

l2 + 2« + 3*- + (a;-l)«""^ x 2x^ 6a^ "^ 30aj" *^- 

Let a? = 00 , then the first member is equal to — by a known 
theorem, while the second member reduces to C. Hence 

Ij-i . 1 _^ 1 1 1,1 o 

l''^2**""*"(aj-l)' ^ X 20? Qa?'^ZOa?'^^' 

and if x be large a few terms of the series in the second 
member will suffice, 

5. When the sum of the series ad inf. is unknown, or is 
known to be infinite, we may approximately determine G by 
giving to x some value which will enable us to compare the 
expression for Xu^^ in which the constant is involved with the 
actual value of 2w» obtained from the given series by addition 
of its terms. 

Ex. 3. Let the given series bel+-H--...+-, 

2 3 a? 

Kepresenting this series by w, we have 

X X 
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To determine C7, assume x = 10, then 

Hence, writing for log, 10 its value 2*30258, we have 
approximately (7= '577215. Therefore 

«=.577215 + log.«+^-^+^-&c. 

Ex. Required an approximate value for 1 . 2 . 3 ... a;. 

If w = 1 . 2 . 3 ... ic, we have 

log w = log 1 + log 2 + log 3 ... + log X 
= log x + X log X. 



X 



But 2 loga?= (7+ llogiccfo — -log 

"*"l.2 dx 1.2.3.4 efo^ "*■ • 

.'. logw= (7+ f CD +-j log a? — a? + ^-^ — &c (11). 

To determine C, suppose x very large and tending to 
become infinite, then 

log (1 . 2 . 3 ... a?) = (7+ [a? + -j log a? — aj, - 

whence 

1.2.3...a: = €*^xaf^ (12), 

1.2.3... 2a? = €^-**x(2aj)*^* (13). 

But, multiplying (12) by 2*, 

2.4.6...2aj-:2'e^xaf^ (14). 
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Therefore, dividing (13) hj (14), 

3,5.7... (2a? - 1) = 2*** e-^aj*, 

, 2. 4. 6. ..2a? eV 

wnence ; r = — r— . 

3.5.7... (2a?- 1) 2* 

But by Wallis's theorem, x being infinite, 

2.4.6 ... (2a? ~ 2) V(2a;) _ //7r\ 
3.5.7... (2a; -1) ""V W ' 
whence by division 

,'. (7=logV(27r). 

And now, substituting this value in (11) and determining w, 
we find 

= V(2mB).af.e"**i^"«»^"'*^ (15), 

11.. 
If we develope the factor ^ ^^^ in descending pow- 
ers of X, we fina 

(1 1 139 \ 

l + m+288^-5184^ + H 

(16). 

Hence for very large values of a? we may assume 

1.2.3...a?=V(27ra?) (^\ (17), 

the ratio of the two members tending to unity as a? tends to 
infinity. And speaking generally it is with the ratios, not 
the actual values of functions of large numbers, that we are 
concerned. 

6. Yet even in cases in which the value of a? involved is 
not only large but infinite, it may be necessary to take ac- 
count of terms involving negative powers; just as in the 
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Differential Calculus it is sometimes necessary to proceed to 
the higher orders of differential coeflScients. 

Ex. 5. Bequired an approximate value of the fraction 

2. 4. ..2a? 

3.5... (2x-l)' 

X being large, but account being taken of terms of the order 

We have, by the last example, under the conditions speci- 
fied, 

1.2.3... a? = V(27r)a^€'*^l + —.,.], 
2 . 4 . 6 . . . 2aj = 2*^ V'T af^ e"* ( 1 + Y^ V 

V 

1.2.3 ...20! = V(27r) (2a')'^ «"*" (l + gt) » 

1+^ 



3 . 6 ... (2a! - 1) = 2»*«a^e-*( ^ 

1 + 12-0! 



on developing the fraction by division. 
Hence 






2. 4. ..2a; i »/ 12aj 



3.5...(2a?-l) \i-Ji 

^ 24aj 

= 7r*aj*( 1 + Q~«««) (18). 

Ex. 6. To sum the series 



1 



* "^TiSn ■t' 7^"^ yi2» ••• '» _a«« 
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Representing the series by m, we have 



. 2n(2y^ + l)(2n + 2) « 
+ 720?^^^^ ' '^''* 

For each particular value of n the constant C might be 
determined approximately as in Ex, 3, but its general ex- 
pression may be found as follows. 

Let X become infinite, then the above equation gives 

1 + gSJ + 325 + &c. orf i/jf. == (7, 

and it remains to evaluate the series in the first member. 
Now 

. ~"'=*'(-')^ZT-^<-"('+?M^i) 

in which the coefficient of ^"^ is rT^'"' . 

1.2... 2n 

Again, by a known theorem, 



Therefore, taking the logarithm of each member and dif- 
ferentiating. 
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^- 1 20 (^ 0'y 20 r 0'\-' 



3V \ 3v; **^ 

^^(l + ^. + | + &c.)^ + &c., 
in which the coefficient of ^"* is 

•^ ( 1 + gK + p: + &c. j . 

Equating this to the value before obtained for the same 
element, we have 



^ + ^^ + ^.n + ^^ + <Scc. 2 (1.2. ..2/1)- 
Hence 

(27r)^ 1 In 



(19)- 



2(1.2...2n) (2n - 1) a?""^ ^ 2a^ 6a^** 

2n {2n + 1) (27i + 2) 
^ 720^^^^^^ +*'' ^^^^^ 

the expression required. 

7. The above investigation gives us also another expres- 
sion for Bernoulli's numbers, viz. 

J. 2{1.2...2w) / 1 1 1 . « \ ,^,, 

while for the divided coefficients which appear in the actual 
expansion of Sw^. we have the expression 



-5a.i-i 



(l + ^ + ^ + &c.) (22). 



1.2...2n (27r)*" 

Hence too it appears, First, that the series of Bernoulli's 
numbers is ultimately divergent, for, n becoming indefinitely 
great, we have 
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Limit of §^ = ~ (23). 

Secondly, that the divided coefficients in the expansion of 
Sw» are ultimately convergent. For 



Limit L ?^ . ^^1 I ^ 

11.2... (2/1 + 2) 1.2...2/IJ 



(27r)*»^ • (27r)«* 
1 



477^' 



(24). 



The expansion itself will be ultimately convergent or diver- 
gent according to circumstances. 

Limits of the Remainder of the Series for Swa-. 
8. Eepresenting, for simplicity, u„ by u, we have 

The second line of this expression we shall represent by B^ 
and endeavour to determine the limits of its value. 



Now by (22), 



1.2... 2r {2iry^'^^ m"^ 



Therefore substituting. 



X? — <r=oo v»in=oo 2 (— 1) dr~ U 

" ^^'^'^ '^»+' (2».w)» ^^ • 



Assume 



(- 1)^' d^'^ 



u 
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And then, making - — = e*, we are led by the general theo- 
rem for the summation of series {Diff* Equations^ p. 431)* 
to the differential equation 



k+i > 



)mplete integral of which is {Diff. Equations 
(- D* f . r d!^*^u ^ 



— cos 2m'7ra? J sm 2m7ra: -,^^1 dx\ > 



or, since we have to do only with integer values of x for 
which sin (2 WTnr) = 0, cos {2mirx) = 1 , 

Hence 



R^2t^ 



m=oo 
'm=l 






-9( ■,\f^i [{ sm2irx . 8in47ra ? , g_\ cP^u j_ .. . 



the lower limit of integration being such a value of a? as 
makes i^+i to vanish, the upper limit x. Hence if within 



* The theorem which is of most frequent application is the foUowing. If 
ti=u^*»'+t^fra?''+' + tt^a,iP»'+*'+&c. ad inf,^ then supposing the law of the co- 
efficients to be 

«^=</>(m)M,-^ or w«-0(m)w«-r = O, 
•nd making «= «0, the differential equation for u wiU be 

The student will easily deduce this from the more general theorem referred to. 
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the limits of integration -tmx retain a constant sign, the 
value of R will be numerically less than that of the fdnction 

rf_l_ _j__ 1^^, 

therefore, than that of the function 
therefore, by (22), than that of the function 



1 B^, d^u 
27rl.2... 2ndix?^ 



(27). 



When n is large this expression tends to a strict interpola- 
tion oiform between the last term of the series given and the 
first term of its remainder, viz., omitting signs, between 



2W-1 



*-' *°^ I.2...I2W + 2) ^=^ (^^)' 



1.2...2n<fo!*^* 1.2... {2n +2) da? 

it being remembered that by (24) the coefficient of -j-^ in 

(26) is, in the limits a mean proportional between the coefficients 

of ^^i and ^5m '^ (28). And this interpolation of form 

is usually accompanied by interpolation of value, though 
without specifying the form of the function u we can never 
affirm that such wiU be the case. 

The practical conclusion is that the summation of the con- 
vergent terms of the series for Xu afibrds a sufficient approxi- 
mation, except when the first difierential coefficient in the 
remainder changes sign within the limits of integration. 

The series for 

Slogaj, S-5i, S 



a"' '^{ax + b)'^' 

are therefore of the kind in which the summation of conver- 
gent terms suffices. 
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Particular forms of^u^, 

9. Beside the general expression for %u^ given in Art. 2, 
there are certain other forms which suppose a particular con- 
stitution of the function u^^ and are advantageous under par- 
ticular circumstances. 

Thus the series 

<^(0)-^(l)+^(2)-^(3)+&c. 

has for itsa?+l* term (— l)*^(a;), and for the sum of its 
first X terms 2 (— 1)* ^ (ic). Applying the theorem of Art. 2, 
we should obtain for this an expansion proceeding according 
to the differential coefficients of (— 1)*^ (oj). It is obviously 
desirable to substitute for this an expansion proceeding ac- 
cording to the differential coefficients of ^ (ic). 

By a theorem employed in the demonstration of the fourth 
integrable form of Chap. iv. Art. 2, we have 

= (- 1)^ (€^+ ip ^ (a;). ■ 
Now 



=1+o(i-2')^-t:A:i(i-2V+&c., 



whence 
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Therefore 

(29). 

Or, on calculating a few of the coeflScients, 

t{-ir<i>{x)=c+{-i)'\-l<i>{x)-^-\<f,'{x) 

_ J_ ^'" (x) + — <6^ (x) i^ 6^ (x) + &c. I 

48 ^ ^^ 480 ^ ^ ^ 80640 ^ \ J-r^^-j 

(30), 

the theorem required. 

10. It is possible also to devdope S (—1)* ^ (x) in ascending 
differences of ^ (ic). 

We have by Art. 9, 
2 (- 1)' ^ (a;) = (- 1)-' (e^+ 1)-' ^ {x) 

= (-ir(2 + Ar^(aj) 

(31). 

Suppose it required to deduce hence an expression for the 
series 

<^ (0) - <^ (1) +^ (2) - <^ (3) + &c.adinf., 

the terms being supposed to converge to 0. In* (31) let x be 
successively made and oo , we have 

2 4 

<^ (0) - ^ (1) + <^ (2) - &c. ad inf. = C. 
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Hence 

^ (0) - ^ (1) + ^ (2) - &c. ad inf. 

= ^-^+^-&c (32). 

This theorem, which may be applied with great advantage 
to the summation of slowly convergent series whose terms are 
alternately positive and negative, may also be established as 
follows, 

^ (0) -^ (1) + ^ (2) - &c. = (1 - i> +i>'-i>' + &c.) ^ (0) 

= (l+i>r^(0) 

= (2 + A)-^^(0) 

^ ^ (0) A<^ (0) A^<^ (0) 
2 4 "*■ 8 

11. The above results are virtually included In the two 
following more general theorems by which ^<f>{x)f Is ex- 
pressed In series proceeding according to the differential 
coefficients and according to the differences o{<f){x), viz. 



Ist. t4>{x)f^C-'j^iil>{x) + A, 



d(f>{x) 
dx 



+i^.^'-^ ("). 



-I 

n 



where A^= f 1 — t-— - A J 

2ndly. t4,{x)f=G-^U{x) + ^^^i>{x) 

+ (rbj ^'^^^) + &«•} (34). 
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To demonstrate these theorems we must write, Chap. iv. 
p. 53, 

= f{<(l+A)-ir^(aj), 

and develope the symbolical functions in the last two members 

in ascending powers of -r- and of A respectively, the former 

expansion being effected by the reciprocal form of Maclaurin's 
theorem, Chap. il. Art. 11. 



EXAMPLES. 

1. Approximate to the numerical value of the series 

1.1.1 1 

T + 77 + 0...+ 



1 • 2 • 3'" • 1000* 

2. Deduce an approximate value of log 1 + log 2 + log 3 
... + log 1000 in the Napierian system. 

3. If an approximate value for the series 

.1.1 .1 
^■^2 + 3--^^ 

be expressed in the form 

shew that 

and hence compute an approidmate value of (7. 

4. Find an approximation for 

3.5...(2a? + l) 
2.4.2a? ' 
B. F. D. 7 
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supposing X large ; the first negative power of x which pre- 
sents itself being retained. 

5. Transform the series 

to one of a more convergent character. 

6. The series a^x^a^a^ + a^x* — &c. may be transformed 
into 

where Aa^ = a^^ — a^. 



( 99 ) 



CHAPTER VII. 

EQUATIONS OF DIFFERENCES. 

1. An ordinary equation of differences is an expressed 
relation between an independent variable x, a dependent 
variable u„^ and any successive differences of u^^ as Aw^., A^w^. 
...A*w,. The order of the equation is determined by the order 
of its highest difference ; Its degree by the index of the power 
in which that highest difference is involved, supposing the 
equation rational and integral In form. 

Equations of differences may also be presented in a form 
involving successive values, instead of successive differences, 
of the dependent variable ; for A^w^. can be expressed in terms 
of w^, w^^j ... w^„. Chap. II. Art. 10. 

Equations of differences are said to be linear when, con- 
sidered fanctionally, they are of the first degree with respect 
to %, At*a., A*t^a., &c.; or, supposing successive values of the 
independent variable to be employed instead of successive 
differences, when they are of the first degree with respect 
to u^y u^^^, i*^j, &c. The connexion of the two cases is 
obvious. 

Equations of differences which do not belong to the ordi- 
nary species, viz. equations of partial differences and of mixed 
differences, will be defined in another chapter. 

Genesis of Equations of Differences, 

2. The genesis of equations of differences Is analogous to 
that of differential equations. From a complete primitive 

F{x,u,,c)==0 (1), 

connecting a dependent variable Ug with an independent 

7—2 
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variable x and an arbitraiy constant Cy and from the deriyed 
equation 

AF{x,u^c)=0 (2), 

we obtain, by eliminating c, an equation of the form 

<f>{x,u,,Au,)=^0 (3). 

Or, if successive values are employed in the place of dif- 
ferences, an equation of the form 

^(a?,Wx,0 = ^ (4)- 

Either of these may be considered as a type of equations 
of differences of the first order. 

In Hke manner if, from a complete primitive 

-F(a;,t*^,c„c„...c„) = (5), ' 

and from n successive equations derived from it by successive 
performances of the operation denoted by A, we eliminate 
Cj, Cj ... c^, we obtain an equation which will assume the form 

4> (^> ^xy Aw«, ... A^w^) =0 (6), 

or the form 

^ (^, Ux, «x+i, — «*x+i.) = (7), 

according as successive differences or successive values €ure 
einployed. Either of these forms is typical of equations of 
differences of the n^ order. In (6), u„ may be replaced by u. 

Ex. 1. Assuming as complete primitive u = cx + (^y we 
have, on taking the difference, 

Aw = c, 

by which, eliminating c, there results 

u = xAu + (Aw)', 

the corresponding equation of differences of the first order. 

Thus too for any complete primitive of the form t^ = caj 
+f{c) there will exist an equation of differences of the form 

w = a?Aw+/(Aw) (8). 

Ex. 2. Assuming as complete primitive 
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we have 



u^, = cd^' + dir\ 



Hence 



u^ = ca"^ + cV^. 



"a^fS 



Therefore 
or 



u^^ — au^ = c' (J — a) &*, 
"*fa - «^^i = c' (J - a) J"^'. 

«*a^^2-(« + ^)^«+l + «^^a: = (9). 



Here two arbitrary constants being contained in the 
complete primitive, the equation of differences is of the, 
second order. 

3. The arbitrary constants in the complete primitive of an 
equation of differences are properly speaking periodical func- 
tions of X of the kind whose nature has been explained, and 
whose analytical expression has been determined m Chap. iv. 
Art. 1. Tney are constant with reference only to the opera- 
tion A, and as such, are subject only to the condition of 
resuming the same value for values of x differing by unity ; 
a condition which however reduces them to absolute constants 
when X admits of integral values only. The subject will be 
more fully discussed in Arts. 4 and 11 of this chapter. 

The proposition converse to that of Art. 2, viz. that a 
complete primitive of an equation of differences of the r!^ 
order involves n arbitrary constants, has already been estab- 
lished by general considerations (Diff. Equations^^. 187). 

Linear JEqitations of the First Order. 

4, The typical form of this class of equations is 

«**f 1 - ■^a^^* = ^a; (1), 

where A^ and B„ are given functions of a?. We shall first 
consider the case in which the second member is 0. 

To integrate the equation 

^«+i-Awa, = (2), 
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we have 



^x+t " -^aj^»> 



whence, the equation being true for all values of x, 
Hence, by successive substitutions, 

^as+l ~ -^« -^»-l -^»-l • • • A^'^f (3), 

r being an assumed initial value of x. 

Let be the arbitrary value of u^ corresponding to a? = r, 
(arbitrary because it being fixed the succeeding values of u^^ 
corresponding to a? = r + 1, aj=r+ 2, &c., are determined in 
succession by (2), while u^ is itself left undetermined) then 
(3) gives 

whence u„= CA^^A,^...A^, (4), 

and this is the general integral sought. 

While, for any particular system of values of x differing by 
successive unities, C is an arbitrary constant, for the aggregate 
of all possible systems it is a periodical fdnction of x, whose 
cycle of change is completed while x varies continuously 
through unity. Thus, suppose the initial value of x to be 0, 
then whatever arbitrary value we assign to u^, the values of 
W-, Wj, Wg, &c. are rigorously determined by the equation (2). 
Here then C, which represents the value of u^, is an arbitrary 
constant, and we have 

Suppose however the initial value of a? to be ^, and let JE 
be the corresponding value of w^,. Then, whatever arbitrary 
value we assign to JE, the system of values of W|, W|, &c. wiu 

be rigorously determined by (2), and the solution becomes 



ABT.4.] EQUATIONS OF DIfTEBBKGSS. 103 

The given equation of differences establishes however no 
connexion between G and JS. The aggregate of possible solvn 
tions is therefore comprised in (4) supposing C therein to he an 
arbitrary periodical function ofx completing its changes while 
X changes through unity, and therefore becoming a simple 
arbitrary constant for any system of values of x differing by 
siuxessive unities. 

We may for convenience express (4) in the form 

u^^CPA^, (5), 

where P is a symbol of operation denoting the indefinite con- 
tinned product of the successive values which the function of 
X , which it precedes, assumes while x successively decreases 
by unity. 

There is another mode of deducing this result which it may 
be well to notice. 

Let u^ =^ €*• Then u^^ = e*^^, and (2) becomes 

whence At = log A^, , 

e = SlogA+ G, 
= log A^^ + log A^^ + &c. + C, 
^ log PA^,+ G. 
Therefore 

as before, 

Eesuming the general equation (1) let us give to w. the 
form above determined, only replacing (7 by a variable para- 
meter Ca,, and then, in analogy with the known method 
of solution for linear differential equations, seek to deter- 
mine Ca,. 

We have u^ = C^PA^^y 
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whence (1) becomes 

But A,PA^, = FA,, 

whence (C^,- 0:)PA,=B„ 

or, {£iC:)PA, = B„ 

whence A CL = * 



• " PA, 



0, = t^+C (6); 

X 

.-. M. = P^^ JS -^ + C| (7), 

the general integral sought. 

Ex. 1. Given u^^ — (a? + 1) w^, = 1 . 2 ... (a? + 1). 

From the form of the second member it is apparent that x 
admits of integral values only. 

Here Aig = x + l, P-4aj_j=a?(a? — 1) ... 1, 

pAr ' ^pi,~ ' 

.'. Ug. = x{x-'l) ... 1 X (a?+ (7). 

Ex. 2. Given u^^^ - au^ = J, where a and b are constant. 
Here -4^. = a, and P^^, = a*, therefore 

where C^ is an arbitrary constant. 

We may observe before dismissing the above example, that 
when A„—a the complete value of FA„ is a* multiplied by 
an indeterminate constant. For 
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PA" 


= -4^ua^j . 


> • « "^f 


= 


a ,a,a 


• • • ^ •*/ ■"" 


r + 1 times, 


= 


a = 


a^^ X a*. 





But were this value employed, the indeterminate constant 
oT^^ would in one term oi tne general solution (7) disappear 
by division, and in the other merge into the arbitrary con- 
stant (7. Actually we made use of the particular value corre- 
sponding to r= 1, and this is what inmost cases it will be 
convenient to do. 

Ex. 3. Given A% + 2^^. = — a: — 1. 
Keplacing Au^. by w^^.^ — w^., we have 

Here ^, = — 1, jRb= — (a? + l), whence substituting in (7) 
and reducing 



a 



Ex. 4. M^i - aw, = ^^ ^ , . 

We find 



When, as in the above example, the summation denoted by 
S cannot be effected in Jlnite terms, it is convenient to employ 
as above an indeterminate series. In so doing we have sup- 
posed the solution to have reference to positive and integral 
values of x. The more general form would be 

r being the initial value of x. 
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Linear JEqtmttons with constant Coefficients. 

5, The general form of a linear equation with constant 
coeflScients when expressed by successive values not incre- 
ments of the independent variable, and having its second 
member equal to 0, is 

If we assume u^^cmS'^ we obtain, on substitution and 
division by cm*, the * auxiliary equation ' 

m* + ^^m*"^ + AjfrC''^ ... + ^^ = 0. 

There exist therefore, when the roots of this equation are all 
different, n particular solutions of the form assumed above, 
corresponding to the n particular determinations of m. It is 
also evident from the linear form of the given equation, that 
the general value of u^ will be the sum of the n particular 
values thus obtained. 

Ex. 5. The equation w^^j — 5t*^i + 6t*a.= leads to the 
auxiliary equation 

m'-5m + 6=0, 

and therefore admits of the two particular integrals 

and of the general integral 

t^, = c,(2r + c,(3r. 

When the auxiliary equation has imaginary roots, or equal 
roots, or when the given equation has a second member, the 
principles employed in the corresponding cases of differential 
equations may be adopted without essential change. 

If m have imaginary values, their trigonometrical equiva- 
lents must be employed. 

Ex. 6. Given Wa4^+aVa, = 0. 

Here u^ = c, \a V(- 1)}* + cj- a V(- 1)}* 

= a* I c, Icos I + V(- 1) sin || + c, jcos | - V(- 1) sin | j- J 



^|^co,(f)+5sin(2)}. 



Ua: 
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If m have equal roots the solution may be derived by the 
method of limits (assuming the principle of continuity) from 
the answering form of the solution when the roots are un- 
equal. 

Ex. 7. Given u^^ — ^au^^ + a'ugg = 0. 
The solution is the limiting form of 

b approaching to a. Therefore 

= Umof (cix*+(7'-~^^ 

= C(f+ O'xa'-^^a' {C+ C,x). 

If the second member be not equal to the form of the solu- 
tion may be deduced from the particular form which it assumes 
when the second member is 0, by treating the constants as 
variable parameters. 

But in the last case, and usually in the preceding one, it is 
simpler to proceed by the symbolical method of the following 
section. 

Symbolical solution of equations uith constant coefficients. 

6. The linear equation of the n^ order with constant co- 
eflBcientsisoftheform 

Hence if 2) be a symbol of operation defined by 

D<f>{x)=^4>{x + 1) (2), 

the above linear equation becomes 

ITu^ + A^I/'-'u^ + A^-^u^ ... +^^w,= X, J 

or, separating the symbols of operation, 

and this we shall for brevity represent by 

f(J))u=^X (3); 
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whence u=^{f{D)}-'X (4), 

a form indeed differing in interpretation from (3) only in that 
it presents u as the object of ^uest {Dtf. Equations, p. 375). 
Suppose the roots of the auxiliary equation /(m) = to be 
all different, then, resolving {f[D)]~^ as if it were a rational 
fraction, we have a result of the form 

where N^ = ~~ — 

with similar expressions for N^...N^. But if a particular 
root a be repeated r times, then we have corresponding to that 
root a series of terms 

{Jf,(i>-ar + Jlf,(Z)-ar...+Jf,(i>-anX....(6), 

The solution of the proposed equation is therefore made to 
depend in all cases on tne performance of the operation de- 
noted by (-D — a)"*X; and this, since we are permitted by the 

symbolical form of Taylor's theorem to substitute €*** for 2), 
may be referred to the known theorems 

{Diff. Equations, p. 384). Let us first suppose the subject of 
the operation to be a*X where X denotes any function of x. 
Then 

* It is only while writing this work that I have become acquainted with the 
remarkable treatise of M. l^batto, entitled Thiorie des CaracteristiqueSt pub- 
lished at Amsterdam in 1837* It contains the theorem in the text, Uie analogous 
theorem in differential equations, and in one word the whole of the theory of 
linear equations with constant coefficients rediscovered in England a year or two 
afterwards, and published in the first and second volumes of the Cambridge Ma^ 
thematicai Journal, Every English mathematician wiU rejoice to see justice 
done to M. Lobatto. 

It is proper to add that M. Lobatto's treatise does not contain any anticipation 
of the higher symbolical methods subsequently developed in this country. 
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d 



= €^»-««(e^*'"'"- ayX, by (7), 

= a^'(i>-l)-'X 

since (i>- 1)~^=A~^= S. Hence, replacing a*X by X, and 
therefore X by a"*X, we have 

{D-ayX^^a'^t'arX (8), 

It is to be noted that since 

S'O = Cq + c^x + CjOi* ... + Ci^t^tf"^, 

the above theorem, with the complementary function in its 
second member, will take the form 

If the equation f(m) = have a pair of imaginary roots 
a ± i8\/(-" l)> that pair occurring only once, then, as appears 
from (5), the value of u will contain a pair of conjugate terms 
of the form 

{Jlf + iVV(- 1)} {a +yS V(- l)r S [{a + yS V(- l)r X] 

+{M-N^/{-i)} {a_/3v(-i)rs[{«-i8v(- i)rx]. 

Now let a = p cos ^, ^ = p sin ^, whence ^ = tan"^ — , then 

{a±/3V(-l)r' = p*"Mcos(a;-l)^±V(-l)sm(a?-l)^} 

{a ± /3 V(- 1)}"* = p"* {cos ic^ + V(- 1) sin aj^}. 

Whence, substituting and reducing, we obtain as the real 
expression of the portion of the value of u corresponding to 
the imaginary roots in question, 

,r {Mcos{x-l)0-N&m(x-i)e}%p-'Xcoaixe)-] 
P 1+ {Mam {x-l)d +Ncoa {x- 1) 0} Sp-'Xsin (a^J " ^ "^' 
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The complementary function is evidently 

^,r {Mcos{x^l)0-'N&m{x-l)0}C,l 
^P 1+ {Msm (a;-l)d + JV^cos (a;-l) 0} cj ' 

which is reducible to the form 

p' {A cos X0 + B sin x0) . 

If the imaginary pair of roots be repeated r times, then-, as is 
shewn by (6), there will exist in w a series of pairs of conju- 
gate terms of the form 

{Jlf+iVV(-])}{a+/3V(-l)rS'[{a + ^V(-l)rX] 
+ {if-i^V(-l)}{a-/3V(-l)r2'[{a-/3V(-l)rX], 

{ receiving every integer value from 1 to r inclusive, and M 
and N being different for each different value of i. Proceeding 
as before, we find that the real expression of that portion of the 
value of u which corresponds to the imaginary roots in ques- 
tion will consist of a series of terms of the form 

^r {Mco&{x'-t)0-N&m{x"t)0}t*p-'co8x0X] 
^P [+ i^sin {x ^i)0 + Nco& {x - {) 0} tp^ sin x0x\ " ^^^^' 

% varying from 1 to r. 

It is evident also that the complementary function intro- 
duced by summation will ultimately be 

^a, f (-^1+ ^^a; . . . + ^r^*^') cos X0\ 

P \+{B,-{'B^... + B^)sinx0J ^^^^• 

^j, JBj, &c. being arbitrary constants. 

7. When the second member X either consists of a series 
of exponentials of the form h(f, or is a rational and integral 
ftmction of x, or is composed of terms resolvable into factors 
of either of these species, the process of solution may be sim- 
plified by methods analogous to those employed in the corre- 
sponding cases of differential equations ; and, though it will 
still be necessary to determine the roots of the auxiliary 
equation /{m) = 0, it will not be necessary to decompose the 
Symbolic expression {/(-D)}~*. 
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In each of these cases, representing the given equation in 
the form/(Z)) w = X, we are permitted to write 

«= {/(2>)r x+ {/(2>)ro (13), 

the second term in the right-hand member representing the 
complementary function. And, as this function mtroduces the 
Requisite numoer of constants, it suffices to deduce any par- 
ticular value of the first term. 

First, let X consist of a series of exponentials of the form 
ahove described. Then since 

= F(a)ar (14), 

a particular value of j/(i))}"^Xin (13) may be determined. 

Cases of failure from F{a) becoming infinite may be treated 
by combining with the term (11) such a term derived from 
the complementary function as will replace the infinite by an 
indeterminate form, and then applying the rule for vanishing 
fractions. 

Secondly, let X be a rational and integral function of x. 
Then we may either convert D into 1 + A, and so develope 
{/(D)}"^ in ascending powers of A, and finally perform the 
resulting operations, whether of summation or ot difference, 

on X\ or, converting D into €*", we may develope {/(-D)}"* 

in ascending powers of -v- , and perform on X the resulting 

operations of integration or differentiation. The solution is 
necessarily ^/iiVe, since if Xbe of the rfi^ degree both differ- 
ences and differentials of an order higher than the n^ vanish. 

Thirdly, let X consist of terms of the form a*a;*. Now 
F{D) a'<l> {x) = F{e^) €^^^« <^ (x) 

= QrF{aD)<l>{x). 
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B.6I1CC 

By this theorem the problem is reduced to the second case 
already considered. 

To the above cases various others arising from the intro- 
duction of circular functions may be reduced ; but it is un- 
necessary to pursue the subject. 

Lastly, it may be observed that when, in the application of 
the general method, the final summations can in no other 
way be effected, we must revert to the definition of the symbol 
2 as in Ex. 3, and write down the series of terms which it 
may happen to indicate. 

8. It will be more instructive to exemplify the principles 
above explained than merely to apply the results which have 
been arrived at. 

Ex. 8. Mj^ — 5w^, + 6«j, = a". 

Here w, = (i)* - 5Z) + 6)-'a* 

= {(i)-3)-'-(i)-2na' 

= 3""' % Z~*a' - 2"^' S T'a' 



= 3-' 2 (I)"- 2'-> S (I 

1-1 1 l|-l 



a^' 




.2, 



a a 



a-S a-2 



+ C3* + (7'2*, 



the complete primitive. Or, availing ourselves of the sim- 
plifications of Art. 7, we should proceed thus: 



a 



a"-5a + 6 



+ (73*+C'2*. 
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If a = 3 or 2, this solution fails. Suppose a = 3, then we 
may write 

a''-3* 
a'* - 5a + 6 



w, = limit of ^^ . ^ + CZ' + Cr 



^^"'+a3*+a'2* 



2a-5 
= ic X 3^' + (73* + Cr. 

Ex. 9. Given 

u^^ - 4w^j + 4w^ = xa\ 

Symbolically we have 

.-. w. = (i)-2)-»a:a*+(i>-2)-^0 

= a*(ai)-2)"'^a? + 2*(Cj + c,a;), by (11). 
Now 

[aD - 2) --^ a? = (a - 2 + a A) "^ a; 

= {(a - 2)"* - 2 (a - 2)"' aA -t- &c.} » 

0? 2a 

'"(a~2)'^""(a-2)«' 

Hence, finally, 



W, 



Ex. 10. u^^ 4- aX = cos mx. 

Symbolically we have 

{ly + a*) «x = cos wa; ; 

.-. u,^{iy + a'P cos ma? + (i>» + a^ 0. 

But (i)'+a')"'coswa: 

B. F. D. 8 
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a* cos mx + cos mix — 2) j x_» 

= T — -—i — ^—T — - on reduction; 

a* + 2a* cos 2m +1 

and, by Ex. 6, 

(i>»+aVO = a'r^cos^ + J?sin^); 

a' cos ma? -f cos w (a? — 2) . , / . w-a? . „ . 7rx\ 

.-. Wa; = 4.^2 ^ \ , — ^ + a'[A cos — +5sin — 1 . 

* a*+2a*cos2m + l V 2 2/ 

Ex. 11. Ug^ — a*w, = tan mx. 

Proceeding by the general method we have 
u„ = {ly-ay^ tan wa; + {!>'-' aJ'T'O 

= l.{(i>-ar-(i> + aP}tanwa? + (7a*+(7'(-a)' 

= — [(f'^ 2a"* tan 7?^a; - (- a)"^^ 2 (- a)"* tan wia;} 

+ Ca'+C'{-ay. 

As the summation cannot be effected in definite terms we 
may write 

V -« . (tan m tan 2m tan (x — 1) w 

ia tan?»a;= ^ 1 ^ — ••• + x-i > 

[ a a a ) 

with a corresponding form for 2 (— a)~* tan wa?. 

Equations reducible to linear equations with constant 
coefficients. 

9. There are certain forms of equations which a transfor- 
mation enables us to reduce to the class of linear equations 
with constant coefficients above considered. Far less attention 
has indeed been paid to such reductions than to the correspond- 
ing ones in differential equations, and the number of known 
cases is small. The following are the most important. 
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1st. Equations of the form 

+ A,<f>{x)<l>{x-'l)<l>{x^2)u^^, + &o.=X (1), 

where A^^A^.^.A^ are constant, and ^ {x) a known function, 
may be reduced to equations with constant coefficients by 
assuming 

w^ = ^(a? — 7i) <^ (cc — n — l) ...^{l)v„ (2). 

For this substitution gives 

u^^ = ^{x)(f>{x-l)(f>{x-2) ...<l> (1) v^, 
u^n-i = <^ (a? - 1) <^ (a? - 2) ... ^ (1) v^^_^, 

and so on ; whence substituting and dividing by the common 
factor ^ {x) ^{x—i) ... <^ (1), we get, 

(3), 

an equation with constant coefficients. 

In effecting the above transformation we have supposed x 
to admit of a system of positive integral values. The general 
transformation would obviously be 

2/^ = <^ (aj — w)^ (a; — w — l) ... ^ (r), 
r being any particular value of x assumed as initial, 

2ndly. Equations of the form 

w^+„ + Ayu^^^ + A^a'^u^^^ + &c. = X, 

are virtually included in the above class. For, assuming 
<l> {x) = a", they may be presented in the form 

A 
^«+» + -4, <^ (a?) u^^^ + -2 ^ (a;) ^ (a? - 1 ) w^^ + &c. = X 



(4). 

8—2 
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Hence, to integrate them it is only necessary to assume 

{r-n){x-n+l) 

= a ^ v. (5). 

3rdly. Equations of the form 

Wx+i Wx + a^Wx+i + ixW, = c, (6) 

can be reduced to linear equations of the second order, and, 
under certain conditions, to linear equations with constant 
coefficients. 

Assume 

V 

Then for the first two terms of the proposed equation, we have 



("'•''^')=fc-''-)^ 



w^H-i'*' ^^ ' ^'-'^ ' '*' 



V "^^ V 

^x ^x 



Whence substituting and reducing, we find 

a linear equation whose coefficients will be constant if the 
fimctions h^ — a^^ and aj>^ + c^ are constant, and which again 
by the previous section may be reduced to an equation with 
constant coefficients if those functions are of the respective 
forms 

^^(o;), B^{x)^{x-l). 

The above equation may also be integrated when the single 
condition c^. = is satisfied. For, on separating the symbols, 
(7) becomes 

Now this may be reduced to the form 
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which, lastly, may be resolved into the two linear equations 
of the first order, 

{D- 

We can now determine in succession w^^^ v^ and u^. 

As the value of v^ is in all these cases made to depend 
upon the solution of an equation of difierences of the second 
order, it will involve two arbitrary constants, but they will 
effectively be reduced to one in the final substitution of the 
derived value o{u„ in (6). 

4thly. Some non-linear equations may be solved bv means 
of the relations which connect the successive values of circular 
functions. 

Ex. 12. ^x+i«*» - <^x{'^x+i - Wx) + 1 = 0. 

Here we have 



«x l+«*x+iW; 



ar+l-^x 



Now the form of the second member suggests the transfor- 
mation Ug = tan v^, which gives 



whence 



1 


tan v^^ — tan v„ 
1 + tan v^j tan v„ 




= tan {v^^ - 


V.) 




= tanAva,, 




Vx 


= (7+ Stan 





;^ = tan/'(7+Stan-^iV 



Ex. 13. Given u^+^u„ + \/{(l - ^Vi) (^ "" O} = «»• 
Let Ug = cos Vg, and we have 

ttjg = cos t?^j cos v„ + sin v^^ sin v, 
= cos (i?^i - v J = cos Av,, 
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whence finally 

w^ = cos ((7 + 2 cos"* aj. 

The* method by which the linear equation (7) was inte- 
grated in the particular case of c^. = suggests the problem 
of determining a priori the forms of equations of differ- 
ences of the higher orders which may be resolved into, or in 
some way made to depend upon, equations of the first order. 
The following will serve as a particular illustration. 

Since the solution of the symbolical equation 

(77^ + a7r + J)*w^ = X (9), 

where a and h are constant coefficients, depends in general 
upon the interpretation of an expression of the form 

w, = JV;(7r-ar*X+i^,(7r-^rX (10), 

let us give to tt the form 2) + <^ (a?) ; such being a form which 
renders (10) interpretable by the solution of linear equations 
of differences of the first order. Then (9) becomes 

or, effecting the operations and replacing Du^^ ITu^ by w^^.^ , w^^^, 

«^^+{<A(^) + <A(^+l)+«}Wx+i + [{<^(a;)r+a<A(a:)+J]w,=X 

The solution of this equation then, whatever form we 
assign to ^, will depend upon that of equations of differences 
of the first order. 

There are, further, various cases in which the solution of 
equations of differences may be effected by a process of suc- 
cessive reduction. We shall discuss this subject in Chap. ix. 

Analogy with Differential Equations. 

10. Many remarkable properties which constitute a ground 
of analogy more or less exact between linear differential equa- 
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tions and algebraic equations, may be extended to linear 
equations of differences. 

One of those properties which, though among the least 
interesting in point of analogy, is the most important in ap- 
plication, we shall here notice. 

Theorem. We can depress hy unity the order of a linear 
equation of differences 

W«+n + -^x^^x+n-i + -B^W^+n-j + &C. = X (l), 

if we know a particular value ofu„ which would satisfy it were 
tJie second member 0. 

Let Vaj be such a value, so that 

t?«+„ + Av«+n-i + -BrV«:+»-«+&C. = (2), 

and let w, = vj^ ; then (1) becomes 

Or v^^D't^ + A,v^^, ir-X + B,v,,,JDr^t^ . . . = X 

Replacing D by 1+ A, and developing i>*, 2>*"'\ &c. in 
ascending powers of A, arrange the result according to as- 
cending differences of t^. There will ensue 

+ PA^,+ eA\...+ZA% = X (3), 

P, Q, ... iZ' being, like the coefficient of t^^ functions of r^., v^^, 
&c. and of the original coefficients -4^, jB^j &c. 

Now the coefficient of t^ vanishes by (2), whence, making 
A^a, = ^a;> wc havc 

Pw„ + Qi^w^ ... + ZA*"'w« = X, 

an equation of differences of the n — V^ order for determining 
Wge^ This being found we have 

^a, = Sw?«,; .•. u„^v^tw„ (4). 
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It hence follows that the linear equation 

«^ar« + -^«W«+l + ^c^. = X (5) 

can be completely integrated if we know a particular in- 
tegral of 

Wx+2 + Aw^i + ^xW^ = (6). 

To deduce the form of the complete integral, let, as before, 
i\ be the particular value of w, which satisfies (6), and let 
V, = Vgtg ; then, proceeding as above, we get 

therefore putting Atg,=^w^ and dividing by v^^, 



or w^i 






This equation may be a little simplified ; for by virtue of 
(G), of which Vg is an integral, 



Hence 









Ultimately therefore we have 



^x+2 



caxsli summation introducing an arbitrary constant. 

If we make 

^B. .V. 
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the above solution may be presented in the form 

X 



«.=.,s(7;s^^^-^). 



If X= we have simply 



u, = v,{C+C,tT:i. 



Fundamental Connexion with Differential Equations. 

11. Equations of differences are connected with differen- 
tial equations by more than mere analogy. If in an equation 

of differences symbolically expressed we substitute €** for D, 
it becomes a differential equation. We purpose here to in- 
quire to what form of the general solution of a linear equation 
of differences, with constant coefficients and with vanishing 
second member, this transformation leads. 

This solution must be deduced from the interpretation of 
terms of the form 



d 



if,(e*'~a)"^0 (1), 

a, r, and M having the same meaning and the same value as 
in Art. 6. We know from the theory of differential equa- 
tions that the complete interpretation of this term will consist 
of terms of the form 

e'^{A'\'Bx + Cx''...+Ex^^) (2), 

m representing in succession the different roots of the equation 

6"»-a = (3), 

and Ay By G, ...E being arbitrary constants which differ for 
different values of m. 

Now the roots of (3) are all included in the formula 

m = log a ± 2i7r \/(— 1), 

t being an integer, positive, negative, or 0, 
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Let i = 0, then m = loga, and (2) gives 

a'{A + Bx+Cx\..+ Ex"-'), 
which agrees with the result in Art. 6. 

Again, assigning to i any two corresponding positive and 
negative values, (2) assumes the form 

^{log«+«i»-V(-l)}z , 2y^{lof[arilhry/{-l))x ^ /^\ 

8 and T being polynomials of the form 

A + Bx+Gx\..+Ex'^\ 

but with different constants. But (4) may be reduced to the 
form 

a* [S (cos 2i7ra; + \/(— 1) sin 2iTrx} 

+ T {cos 2i7ra; — V(— 1) sin 2i7raj}], 

or, replacing 8+ T and [8- T) V(- 1), by Jf and JV, (poly- 
nomials still of the r — 1*** degree with arbitrary constant co- 
efficients), we have 

a* (if cos 2virx + ^sin 2^7^r). 

Hence, giving to i the successive values 0, 1, 2, &c., it is 
seen that the complete solution, so far as it depends on the ex- 
pression [D — a)"*'0, will be of the form 

a'{P^-^P^ + P,a?... + P^^') (5), 

where each coefficient P is of the form 

. (B^ cos 27ra? + G^ cos ^ttx + J?^ cos Qirx + &c.] , * 
\b^ sin 27rx + C^ sin Airx + JE^sin Qirx + &c.J '"^ '' 

A, J5j, J?2, &c., being arbitrary constants. 

Analytically, (6) is the general expression for a periodical 
function of x constant for values of x differing by unity. And 
this confirms the h priori determination of the significance 
of the constants in the solution of equations of differences. 
Art. 3. See also Chap. IV. Art. 1. 
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We thus see that it is due to the imaginary constituents of 

the expression e** — a that the constants in the solution of an 
equation of differences are such only relatively and not abso- 
lutely, their true character being periodical. 



EXERCISES. 

1. Find the equations of differences to which the following 
complete primitives belong. 

Ist. w= ca:" + c^ 2nd. u = \c{- 1)*~ |[ - j • 

3rd. u=cx + do?. 4th. w = ca* + c'. 

5th.« = c' + c([^)(-ar-^. 

2. Given u^^ — ^^x^i — 4w« = 0, find u^. 

3. w-p^j — 3^34-^ — 4w<g = ^*» 

5. Wan-i "■ ^^» = ^os wa?. 

7. w« — 3 sin {Trx)u^^ — 2 {sin ['n'x)Yu^^ = 0, 

8. The linear equation of differences u^ — A^u^^ = i?g, be- 
comes integrable on multiplying both sides by PA„. 

9. Deduce a complete primitive of the equation 

10. Integrate u^^ — 2mWa4.j + (m' + w*) w^ = 0. 

11. Integrate* u^^^u^ + (a? + 2) w^^.^ + xu„ = — 2 — 2aj — a;'. 

12. In Art. 9, the solution of a class of equations of the 
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first order is made to depend upon that of a linear equation of 
the second order whose second member is by assuming 

And it is remarked that the two constants which appear in 
the value of v^ effectively produce only one in that of t*^. 
Prove this. 

13. The equation 

may be resolved into two equations of differences of the first 
order. 

14. Given that a particular solution of the equation 

x(x-l) 

deduce the general solution. 

15. The above equation may be solved without the pre- 
vious knowledge of a particular integral. 

16. The equation 

may be integrated by assuming w,? = V« t^^ ^«« 

17. Shew also that the general integral of the above equa- 
tion is included in that of the equation u^^ — w,. = 0, and hence 
deduce the former, 

18. Shew how to integrate the equation 
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CHAPTER VIII. 

OP EQUATIONS OP DIFFERENCES OP THE FIRST ORDER, BUT NOT 

OP THE FIRST DEGREE. 

1. The theory of equations of differences which are of a 
degree higher than the first differs much from that of the 
corresponding class of differential equations, but it throws 
upon the latter so remarkable a light that for this end alone 
it would be deserving of attentive study. We shall endea- 
vour to keep the connexion of the two subjects in view 
throughout this chapter. 

Expressing an equation of differences of the first order 
and rfi^ degree in the form 

P^P^.,.P^ and Q being functions of the variables x and w, 
and then by algebraic solution reducing it to the form 

{^u-p^ {iS.u--p^ ... (A2^-^„) = (2), 

it is evident that the complete primitive of any one of the 
component equations, 

Aw— p^ = 0. Am — ^2 = ... Aw— p„ = (3), 

will be a complete primitive of the given equation (1), i.e. a 
solution involving an arbitrary constant. And thus far there 
is complete analogy with differential equations {Diff, JEqua- 
tions, Chap. VII. Art. 1). But here a first point of difference 
arises. Tne complete primitives of a differential equation of 
the first order, oDtained by resolution of the equation with 

respect to ^ and solution of the component equations, may 

without loss of generality be replaced by a single complete 
primitive, {lb. Art. 3). Keferring to the demonstration of 
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this, the reader will see that it depends mainly upon the fact 
that the differential coefBcient with respect to x of any func- 
tion of Fj, Fj, ... F«, variables supposed dependent on x, will be 
linear with respect to the differential coefficients of these de- 
pendent variables {lb. (16) (17)). But this property does not 

remain if the operation A is substituted for that of -j- ; and 

therefore the different complete primitives of an equation of 
differences cannot be replaced by a single complete primitive. 
On the contrary, it may be shewn that out of the complete 
primitives corresponding to the component equations into 
which the given equation of differences is supposed to be re- 
solvable, an infinite number of other complete primitives 
may be evolved corresponding, not to particular component 
equations, but to a system of such components succeeding each 
other according to a determinate law of alternation as the 
independent variable x passes through its successive values. 

Ex. 1. Thus suppose the given equation to be 

{Auy-'{a+x)Au + ax = (4), 

which is resolvable into the two equations 

Aw— a = 0, Aw~aj=0 (5). 

And suppose it required to obtain a complete primitive which 
shall satisfy the given equation (4) by satisfying the first of 
the component equations (5) when x is an even integer and 
the second when x is an odd integer. 

The condition that Au shall be equal to a when x is even, 
and to X when x is odd, is satisfied if we assume 

^ 2 



2 

the solution of which is 

ax x(x — l) 

u = — ^ 

2 ^ 4 



^^.^r(^-lyo. 
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and it will be found that this value of u satisfies the given 
equation in the manner prescribed. Moreover, it is a com- 
plete primitive. 

To extend this method of solution to any proposed equa- 
tion and to any proposed case, it is only necessary to express 
Aw as a linear function of the particular values which it is 
intended that it should receive, each such value being multi- 
plied by a coefficient which has the property of becoming 
equal to unity for the values of x for which that term becomes 
the equivalent of Aw, and to for all other values. The 
forms of the coefficients may be determined by the following 
proposition. 

Prop. If a, )8, 7 ... be the several ri!^ roots of unity, then 

a'^-f yS^H- 7*... 
X being an integer, the function ^— ^ is equal to 

lb 

unity if x be equal to w or a multiple of n, and is equal to 
if X be not a multiple of w. 

For if u=cos h\/(— l)sin — , the n roots will be 

n n 

1, fi, fi^ ,,, fi'^'K Therefore, 



n n 

.nx 1 



Ifl' 



Now if X be equal to w, or to a multiple of n, the above 
becomes a vanishing fraction whose value determined in the 
usual way is unity. If x be not a multiple of w, then since 
/-t**= 1, the numerator vanishes while the denominator does 
not, and the fraction is therefore equal to 0. 

Hence, if it be required to form such an expression for 
Aw as shall assume the particular values ^j,^j...jp„ in suc- 
cession for the values x=l, x=2,,,x=n, again, for the 
values a; = 7i-f-l, a; = 7i + 2...a; = 2w, and so on, ad inf., it 
suffices to assume 

Au = F^,p^ + F^^p^... + P^p^ (7), 

where P,= ^jt^±^- (8). 
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a, )8, 7 ... being as above the different n^ roots of unity. The 
equation (7) must then be integrated. 

It will be observed that the same values of Aw may recur 
in any order. Further illustration than is afforded by Ex. 1, 
is not needed. Indeed, what is of chief importance to be 
noted is not the method of solution, which might be varied, 
but the nature of the connexion of the derived complete pri- 
mitives with the complete primitives of the component equa- 
tions into which the given equation of differences is resolvable. 
It is seen that any one of those derived primitives would 
geometrically form a sort of connecting envelope of the loci 
of what may be termed its component primitives, i. e. the 
complete primitives of the component equations of the given 
equation of differences. 

If X be the abscissa, u^ the corresponding ordinate of a point 
on a plane referred to rectangular axes, then any particular 
primitive of an equation of differences represents a system of 
such points, and a complete primitive represents an infinite 
number of such systems. Now let two consecutive points in 
any system be said to constitute an element of that system, 
then it is seen that the successive elements of any one of these 
systems of points representing the locus of a derived pri- 
mitive (according to the definitions implied above) will be 
taken in a determinate cyclical order from the elements of 
systems corresponding to what we have termed its component 
primitives. 

2. It is possible also to deduce new complete primitives 
from a single complete primitive, provided that in the latter 
the expression for w be of a higher degree than the first with 
respect to the arbitrary constant. Ihe method which con- 
sists in treating the constant as a variable parameter, and 
which leads to results of great interest from their connexion 
with the theory of differential equations, will be exemplified 
in the following section. 

Solutions derived from the Variation of a Constant, 

A given complete primitive of an equation of differences of 
the first order being expressed in the form 

y=f{x,c) (1). 
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let c vary, but under the condition that Aw shall admit of the 
same expression in terms of x and c as if c were a constant. 
It is evident that if the value of c determined by this condition 
as a function of x be substituted in the given primitive (9) 
we shall obtain a new solution of the given equation of dif- 
ferences. The process is analogous to that by which from 
the complete primitive of a differential equation we deduce 
the singular solution, but it differs as to the character of the 
result. The solutions at which we arrive are not singular 
solutions, but new complete primitives, the condition to which 
c is made subject leading us not, as in the case of differen- 
tial equations, to an algebraic equation for its discovery, but 
to an equation of differences the solution of which introduces 
a new arbitrary constant. 

The new complete primitive is usually termed an indirect 
integral. 

Ex. 2. The equation u = xAu + (Aw)* has for a complete 
primitive 

u=:cX'\-(? (2). 

An indirect integral is required. 

Taking the difference on the hypothesis that c is constant, 
we have 

Aw = c ; 

and taking the difference of (2) on the hypothesis that c is an 
unknown function of x, we have 

Aw = c + (aj + 1) Ac + 2c Ac + (Ac)'. 

Whence, equating these values of Aw, we have 

Ac(aJ+l+2c + Ac) = (3). 

Of the two component equations here implied, viz. 

Ac =0, Ac + 2c+ a? + 1 =0, 

the first determines c as an arbitrary constant, and leads back 
to the given primitive (2); the second gives, on integra- 
tion, 

o = C7(-l)'-f-i (4), 

B. F. D. 9 
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C being an arbitrary constant, and this value of c substituted 
in the complete primitive (2) gives on reduction 

«={^(-ir-lf-j (5)- 

Now this is an indirect integral. We see that the prin- 
ciple on which its determination rests is that upon which 
rests the deduction of the singular solutions of differential 
equations from their complete primitives. But in form the 
result is itself a complete primitive; and the reader will 
easily verify that it satisfies tne given equation of differences 
without any particular determination of the constant G. 

Again, as by the method of Art. 1 we can deduce from 
(3) an infinite number of complete primitives determining c, 
we can, by the substitution oi their values in (2) deduce an 
infinite number of indirect integrals of the equation of differ- 
ences given. 

It is proper to observe that indirect integrals may be de- 
duced from the equation of differences (provided that we can 
effect the requisite integrations) without the prior knowledge 
of a complete primitive. 

Ex. 3. Thus assuming the equation of differences, 

u=xAu+ {AuY (6), 

and taking the difference of both sides, we have 

Aw = Aw + xA^u + A^u + 2AuA% + (AV)*; 

.-. AV(A'w + 2Aw + a; + l) = 0, 

which is resolvable into 

A\ = 0, AV + 2Aw + aj + l = (7). 

The former gives on integrating once, 

Au = c, 

and leads on substitution in the given equation to the com- 
plete primitive (2). 

The second equation of (7) gives, after one integration, 

A«=a(-ir-|-i, 
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and substituting this in (6) we have on reduction 



w = 



^(-ir-7^ 



a? 



4 ' 



which agrees with (5). 

The process by which from a given complete primitive we 
deduce an indirect integral admits of geometrical interpreta- 
tion. 

For each value of c the complete primitive u =/(a?, c) may 
he understood to represent a system of points situated in a 
plane and referred to rectangular co-ordinates ; the changing 
of c into c + Ac then represents a transition from one such 
system to another. If such change leave unchanged the 
values of u and of Aw corresponding to a particular value of 
X, it indicates that there are two consecutive points, i. e. an 
element (Art. 1) of the system represented by u —f[x, c), the 
position of which the transition does not affect. And the 
successive change of c as a function of x ever satisfying this 
condition indicates that each system of points formed in suc- 
cession has one element common with the system by which 
it was preceded, and the next element common with the sys- 
tem by which it is followed. The system of points formed 
of these consecutive common elements is the so-called indi- 
rect integral^ which is thus seen to be a connecting envelope 
of the different systems of points represented by the given 
complete primitive. The difference between this case and 
the one considered before is that here all the elements of all 
possible indirect integrals are, virtually, contained in the one 
complete primitive given. 

It evidently might happen that both methods admitted of 
application in the same problem. 

3. Of the different questions which the above theory sug- 
gests, the following are perhaps the most important. 

1st. An indirect integral being itself a complete primi- 
tive, what will be the result of applying to it the process of 
the variation of the arbitrary constant ? 

2ndly. An indirect integral represents a system of the loci 
represented by the complete primitive from which it was 

9—2 



132 EQUATIONS OF DTFFERENCES [CH. VHI. 

derived, and it is itself a complete primitive. In difieiential 
equations envelopes are represented usually by singular solu- 
tions, and occasionally by particular primitives. How is this 
to be explained? 

The answers to these questions are contained in the state- 
ments of two laws, viz. the Law of Reciprocity, connecting 
the integrals of an equation of differences ; and the Law of 
Continuity, ffoveming the transition from the intenals of 
equations of differences to the integrals of differentiid equa- 
tions. 

Law of Reciprocity. 

Prop. A complete primitive of an equation of differences 
with the indirect integrals deducible from that primitive by 
the variation of its arbitrary constant will together constitute 
a cycle of complete primitives, such that from any one of 
them all the others may be deduced by the variation of its 
arbitrary constant. 

Let the given complete primitive be 

w=/(aJ, c) (1). 

Then 

Aw»=/(a; + l,c)-/(a;, c) (2), 

* 

and the elimination of c between these equations leads to the 
equation of differences, the form of which will be 

i^(a;, w. Aw) = (3). 

Again, taking the difference of (1) on the assumption that c 
is an unknown function of a;, we have 

Aw =/ (a; + 1, c + Ac) — / (a?, c). 

That this may be equal to the value of Aw obtained in (2) on 
the hypothesis of c being a constant, we must have 

/(ic+l,c + Ac)-/(ic+l,c) = (4), 

an equation of differences for determining c. It is satisfied 
by the assumption Ac=0; but this, determining c as a constant, 
only leads us back to the given complete primitive. Virtually 
(4) is reducible to the form 

Ac^(aj, c, Ac)=0 (5), 
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and therefore resolvable into 

Ac = 0, <^ (aj, c, Ac) = (6), 

and it is the values of c which satisfy the second of these 
equations, or which, according to the theory developed in 
Art. 1, satisfy the two equations under some law of alterna- 
tion, that lead on substitution in (1) to indirect integrals. 

If i? = 1 + A, the equation (4) may be expressed in the 
form 

f{x+l, Dc) -f{x + l, c) =0 (7). 

Let its integrals, in accordance with what has above, been 
said, be 

^"^' I (8) 

a, a^, aj... being arbitrary constants. 

Then the indirect integrals derivable from (1) are 

u =/ {x, <^, (aj, aj}, u =/ {x, <^, {x, a^)}, &c. .... (9). 

But, since c = ^^ (a;, a^ is by hypothesis an integral of (7), 
it must, together with the value of Dc which it gives, viz. 

2)c = ^, (aj+1, aj, 

reduce (7) to an identity. Substituting in (7) we have 

/{aj + 1, ^Jaj+1, aj}-/{a; + l, <^,(aj,aj}=0...(10). 

Proceeding in like manner with the equation c = ^^ {x, a^ 
we have 

f{x+l,<l>,{x+l,a,)}^f{x+l,ff>,{x,a,)}:^0...{ll), 

and so on. Thus the indirect integrals of (3) are represented 
hy the system (9), the functions denoted hy ^^, ^^, (fee, being sub- 
ject to the conditions (10), (11), cfec. 

Now let us assume the first indirect integral in (9), viz. 

^=/K<Ai(^,«.)} (12), 

as a given complete primitive, and seek the indirect integrals. 
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The form of the equation (7) shews that the equation of 
differences for determining a^ will be 

f{x + h <Ai (^ + h Da,)} -/{x + 1, <f>, {x + 1, a,)} = 0. 

But the equation of condition (10) enables us to reduce this 
to the form 

/{a:+ 1, <l>, {x + 1, Da,)} "/{x + l, ff>, {x, a,)} = 0, 
or, since Dtf>, (a?, a J = <f>,{x + l, Da^, 

f{x + h i><Ai (^» «i)} -/{^ + 1, <Ai (^) a,)} = ... (13); 

an equation which is of the same form with respect to the 
function <^, (cc, aj as the equation (7) is with respect to c. 
Hence by (8) it will admit of the system of integrals, 

^,{x,a,)=^A, 1 ,j^v 

^, {x, a,) = ^, (x, -4J, ^, (x, a,) = ^^ {x, ^J, &c. J '"^ ^' 

-4, ^j, ^j... being arbitrary constants. These integrals de- 
termine the values of a,, which must be substituted in the 
complete primitive (12) in order to obtain the system of its 
derived primitives. 

The integral in the first line of (14) reduces (12) to the 
form 

u=f{x,A), 

which is equivalent to the original complete primitive (1). 

The first integral in the second line of (14) gives a, = A,, 
and thus leads us back to the assumed primitive (12). 

The second integral in the second line of (14) reduces (12) 
to the form 

u=f{x,^^{x,A;)}, 

which agrees with the second indirect integral in the system 
(9). And the forms being general, every integral in the 
system (9) can thus be derived from the first of the series. 

We see therefore that any indirect integral leads us, by a 
repetition of the process of its own formation, both to the 
complete primitive from which it was derived, and to all 
other complete primitives having the same origin. The en- 
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tire system is seen to constitute a cycle. Theoretically, that 
cycle will be infinite, but practically, owing to the limitation 
of our powers of integration, it may be finite. 

Ex. 4. The equation of difierences, u = xi^u + (Aw)^ has 
for a complete primitive u = cx-\-c^^ and hence (2, Ex. 2) was 
derived the indirect integral 



u 



= {a(-ir-i; 



» a? 
4' 



shew that, assuming this as complete primitive, the equation 
u = cx + ^ results as indirect integral. 

Expressing the given primitive in the form 

„=(-(_ l)-_|(_l)»' + ^_^ (a), 

and taking the difference on the hypothesis that C is con- 
stant, we have 

Taking again the difierence of (a) on the hypothesis that 
C is variable, we have, on reduction, 

A«=C(-ir-|-i 

+ 2CAC(-ir+(Aa)*{-ir+^(-ir (c), 

which agrees in form with (J) if we have 

Ac|2C(-l)" + AC(-ir + i(:-ir|=0. 

Here the component equation AC=0 leads back to the 
given primitive ; the remaining equation is 

2C(-ir+Aa(-ir+^(-ir=o; 
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or dividing by (— 1)", and transposing, 

A(7+2a=-i(-ir, 

the integral of which is 

Substituting this in the given primitive, we get 

«=(c+2-ij-T 

or, replacing c — j by c, since the constant is arbitrary, 

w = ca? + c*, 
the indirect integral sought. 

Ex. 5. The equation Uj^^=^ (1 + u^Y is satisfied by 

w^=(iB + c)' (a); 

deduce thence a cycle of three complete primitives. 

By (4), Art. 3, the equation for determining c is 

(oj+l +2)c)^-(aj+l + c)^ = 0, 

which is resolvable into 

Ac = (5), 

Dc-'fic={fi'-l){x + l) (c), 

Dc-vc= (i;-l)(aj + l) {d), 

fi and V being roots of the equation 

fi''+fi + 1 = 0, 

i. e. imaginary cube roots of unity. The equation (J) leads 
back to the given primitive, while (c) and {d) give on inte- 
gration, 
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/^ 



X 






c= — a? + c ir; 

v — 1 



whence, substituting in (a), we have 



«=(^«'*'-;^i)' (^)' 



and these with (a) form the cycle in question. 

It will be found that either of the equations (e), (/), as- 
sumed as complete primitive, leads to the other and to (a) as 
indirect integrals. 

The principle of Continuity. 

4. We have defined the Calculus of Finite Difierences as 
the science which is occupied about the ratios of the simul- 
t-aneous increments of quantities mutually dependent; the 
Difiierential Calculus, as the science which is occupied about 
the limits to which such ratios approach as the increments 
are indefinitely diminished. The terms of these definitions 
forbid us to regard the Difierential Calculus as merely a par- 
ticular case of the Calculus of Finite Differences. And a 
careful analysis of the meaning of the word limit will shew 
us that it IS not true that every result of the Calculus of 
Finite Differences merges when the increments are indefinitely 
diminished into a result of the Differential Calculus. 

It is a familiar but a partial illustration which presents a 
curve as the limit to which a polygon tends as its sides are 
indefinitely increased in number and diminished in length. 
Let us suppose the differences of the value of the abscissa x 
for the successive points of the polygon to be constant, the 
law connecting the ordinates of these points to be expressed 
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by an equation of differences, and the corresponding law of 
the ordinates of the limiting curve to be expressed by a dif- 
ferential equation. 

Now there is a more complete and there is a less com- 
plete sense in which a curve may be said to be the limit of a 
polygon. 

In the more complete sense not only does every angular 
point in the perimeter of the polygon approach in the trans- 
ition to the limit indefinitely near to the curve, but every 
side of the polygon tends also indefinitely to coincidence with 
the curve. In virtue of this latter condition the value of 

T~ in the polygon tends as Aa; is diminished to that of 

d'u 

-4- in the curve. It is evident that this condition will be 

ax 

realized if the angles of the polygon in its state of transition 

are all salient, and tend to tt as their limit. 

But suppose the angles to be alternately salient and re-en- 
trant, and, while the sides of the polygon are indefinitely 
diminished, to continue to be such without tending to any 
limit in which that character of alternation would cease. 
Here it is evident that while every point in the circumference 
of the polygon approaches indefinitely to the curve, its linear 
elements do not tend to coincidence of direction with the 

curve. Here then the limit to which -r^ approaches in the 

polygon is not the same as the value of -^ in the curve. 

If then the solutions of an equation of differences of the 
first order be represented by geometrical loci, and if, as Aa? 
approaches to 0, these loci tend, some after the first, some 
after the second, of the above modes to continuous curves ; 
then such of those curves as have resulted from the former 
process and are limits of their generating polygons in re- 
spect of the ultimate direction of the linear elements as well 
as position of their extreme points, will alone represent the 
solutions of the differential equations into which the equation 
of differences will have merged. This is the geometrical 
expression of the principle of continuity. 
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The principle admits also of analytical expression. As- 
suming h as the indeterminate increment of cc, let y^., y^^, 
y«+a* ^^ the ordinates of three consecutive points of the 
polygon, let <^ be the angle which the straight line joining 
the first and second of these points makes with the axis 
of a?, '^ the corresponding angle for the second and third of the 
points, and let >|r — <^, or 0y be called the angle of contingence 
of these sides. 

Now, 

tan^ = ^^^"^% tan'f = ' ^"^'^7'^"^ , 

tan^ fL i— 



1 , Vx^ Vx l/z+^ ^ x+h 



Now, since A = Aa?, we have, 

Vx^^-yx^^Vx, 
yx+«*-2y^+y^ = A'y^, 

yx^-yx^ = Ay«, + A'y,. 

Therefore replacing y^g by y. 



VAa;/ Aa? Aa? 

Now the principle of continuity demands that in order 
that the solution of an equation of differences of the first 
order may merge into a solution of the limiting differential 
equation, the value which it gives to the above expression 
for tan should, as Aa? approaches to 0, tend to become 
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infinitesimal; since in any continuous curve or continuous 
portion of a curve tan Q is infinitesimal. Again, that the 
above expression for tan Q should become infinitesimal, it is 

clearly necessary and suflScient that -r-^ should become so. 

6. The application of this principle is obvious. Sup- 
posing that we are in possession of any of the complete 
primitives of an equation of differences in which Aa? is in- 
determinate, then if in one of those primitives, the value of 

AV 
Aa? being indefinitely diminished, that of -r-^ tends, zWe- 

pendently of the value of the arbitrary constant c, to become 
infinitesimal also, the complete primitive merges into a com- 

A'y 

plete primitive of the limiting differential equation ; but if -^r-^ 

tend to become infinitesimal with Aa? only for di, particular 
value of c, then only the particular integral corresponding to 
that value merges into a solution of the differential equation. 

We have seen that when an equation of differences of 
the first order has two complete primitives standing in the 
mutual relation of direct and indirect integrals, each of them 
represents in geometry a system of envelopes to the loci 
represented by the other. Now suppose that one of these 
primitives should, according to the above process, merge 
into a complete primitive of the limiting differential equa- 
tion, while the other furnishes only a particular solution ; 
then the latter, not being included in the complete primi- 
tive of the differential equation, will be a singular solution, 
and retaining in the limit its geometrical character, will be a 
singular solution of the envelope species. Hence, the re- 
markable conclusion that those singular solutions of differential 
equations which are of the envelope species, originate firom 
particular primitives of equations of differences ; their isolation 
being due to the circumstance that the associated particular 
primitives of the equation of differences, not possessing that 
character which is required by the principle of continuity, are 
unrepresented in the solutions of the differential equation. 

In the following examples we shall confine ourselves to 
those indirect integrals which arise from the supposition that 
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the equation Ac = is wholly rejected in the process of 
derivation from the given complete primitive, Art. 2. The 
other indirect integrals will, as is obvious from the mode 
of their formation, generally be of the purely discontinuous 
species. 

Ex. 6. The differential equation y = ^;/+(;7) ^^s for 

its complete primitive 

y=cx + c^ (a), 

and for its singular solution, which is of the envelope species, 

y=^ (*)• 

It is required to trace these back to their origin in the 
solution of an equation of differences. 1st, Taking the dif- 
ference of the complete primitive, Aa? being indeterminate and 
c a mere constant, we have 

Ay = cAa;. 

Hence <5 = --r^, and substituting in the complete primitive, 
we have 

y-^t-{^ (* 

This is the equation of differences sought. 

Taking the difference of (a), Aa? being still indeterminate 
but c a variable parameter, we have 

Ay = cAa? + ajAc + AojAc + 2cAc + (Ac)', 

which, equated with the previous value of Ay, gives on 
dividing by Ac 

Ac -I- 2c = - (a? + Aa?), 

an equation of differences for determining c. 

To solve the equation, it is desirable to reduce it to the 
ordinary form in which the increment of the independent 
variable is unity. Let then Ao; = h, and let x = hty then 

Lx = hLt] .*. A^ = l. 
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And we have 

Ac + 2c = -A {t+l)y 

the integral of which is 

o-a(-l)'-j(| + l) 

-<.(-l)'-|-t. 
whence, substituting in (a), 

* a? 



{X 7\S 



4 



X 



_ ha (- 1) * A' a;" 

-" 2— +16-4 ('^)- 

It results then that (c) has for complete primitives (a) and 
(t?), A being equal to Aa?. 

2ndly. To determine tan 6 for the primitive (a), we have 

Ay = cAo?, A^y = 0, 

whence, substituting in (1), we find tan^ = 0. Thus the 
complete primitive (a) merges without limitation into a com- 
plete primitive of the difi*erential equation. 

But employing the complete primitive (<Z), we have 

Ay = Aa(-l)* , 



Hence 



AV = -2Aa(-l)^-|\ 



^ = _2a(-l)^-l 



Aa? ^ ' 2 

Now this value does not tend to as A tends to 0, unless 
a=0. Making therefore a=0, A = 0, in [d), we have as 
the limiting value of y 

a? 

and this agrees with (5). 



y = a» 
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Thus while the complete primitive of the differeutial 
equation comes without any limitation of the arbitrary con- 
stant from the first complete primitive of the equation of 
differences, the singular solution of the differential equation 
is only the limiting form of a particular primitive included 
under the second of the complete primitives {d) of the equa- 
tion of differences. Geometrically, that complete primitive 
represents a system of waving or zigzag lines, each of which 
perpetually crosses and recrosses some one of the system of 
parabolas represented by the equation 

4 • 

As h tends to 0, those lines deviate to less and less distances 
on either side from the curves ; but only one of these tends 
to ultimate coincidence with its limiting parabola. 

When the given complete primitive of the differential 
equation is homogeneous with respect to x, y, and any con- 
stant other than of integration, it suffices to form the equation 
of differences on the hypothesis that Ax = 1, and examine 
the form which its solution assumes when the above quan- 
tities tend to become infinite, still retaining a finite ratio 
to each other. The following somewhat difficult problem 
illustrates this, and at the same time affords a valuable 
exercise in the treatment of functions of large numbers. 

Ex. 7. The differential equation 

^ dt/ m 
^ dx dy 
dx 

has for its complete primitive 

y = cx+- (a), 

c 

and for its singular solution 

y^ = 4c7nx. 

It is required to trace these to their origin. 

The complete primitive (a) is homogeneous with respect 
to y, 0?, and w, which it is therefore permitted to make infinite 
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together, while c remains finite. Begarding Ax as 1, we 
are led to the equation of differences 

To complete the cycle of primitives of this equation, we 
have from (a) in the usual way 

To integrate this, take the logarithm of each member, and, 
putting log c = t?aj, we have 

»^. + r, = log^^, 

whence 

log a being an arbitrary constant. Hence 

Vx = log^-log^j + log^... ±logY + (-l)*-^loga, 

the last term but one being positive if a; be odd, negative if x 
be even. 

Hence, according as a; is odd or even, 

1 2 .4 ... (a?--l) am , 1.3...(a? — 1) 

Therefore imder the same restrictive conditions 

_ 2.4 ... (a? — 1) am 1 . 3. ..(a?— 1) ... 

^" 1.3. ..a? ^^ (2.4...a?)a ^^^• 

Whence, by (a), according as a? is odd or even, 

_ 2. 4 ... (a?— 1) am 1.3. ..a; 

^" 1.3... (a? -2) "*"2.4... (aj-l)a' 

_ 1 .3 ... (a;— 1) (2. 4. ..a;) am 
^"2.4... (aj-2)a"^1.3...(aj-l)' 
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these together constituting an indirect integral of the given 
equation. 

Hence, putting for the present y^. for y regarded as a func- 
tion of aj, we have 

_ 1.3... (2a; — 1) (2 .4 ... 2a?) am 
^*'~2.4... (2a:-2)a"*"l.3...(2a?-l)' 

_ (2. 4. ..2a?) am 1 .3 ... (2a?+ 1) 
^**+*~1.3...(2a?-l) (2.4...2a?)a ' 

_ 1.3...(2a? + l) 2.4... (2a? + 2)am 
y^m- (2.4...2a?)a "*" 1 .3 ... (2a?+ 1) ' 

Now if we suppose a? large and reduce the factorials by 
the method illustrated in Ex. 5, Chap. VI., we find 

Hence 

1 



Therefore t^y^ ^V^- 2y^i + y^ 

Ti^ma 1 



2a?* 7r*a?*a 



{d). 



Before we can deduce any conclusions from this expres- 
sion we must determine of what order of magnitude a is 
to be considered. 

B. F. D. 10 
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The general expression for y^ in the new primitive is 
deduced from that of y in the original complete primitiYe 
by changing x into 2a;, and making 



Therefore 



_ 1.3.>.(2a;~l) 

^■" (2.4...2x)o • 



1 .3 ... (2aj-l) 



(2.4 ...2x)c 
1 



c»J{2irx) ' 



X tending to infinity. Hence, since c is finite, a is of the 

same order of ma^itude as —r- . But m is of the same order 

s/x 

as X. Hence the terms of the right-hand member of {d) are 
of such an order as to be finite, and the condition that that 
member must itself be infinitesimal gives 

it^ma 1 _ /\ 

whence ^ ~ a / ( — ) • 

Substituting this in (c) and reducing, we have 

or y, = 2V(wa;); 

whence, restoring y for y^, 

y^=^Amx. 

A similar result might be deduced by employing y^^^ for y^. 

Singular Solutions. 

6. The following proposition, due to Poisson [Jowmal 
de VEcole Po^techntque^ Tom. vi. p. 60), contains a theory 
of the singular solutions of equations of differences similar 
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to that of Laplace for differential equations. The student 
must particularly notice the hypothesis upon which the de- 
monstration rests. 

Prop. If an equation of differences of the first order of 
the form 

Ay=/(a>,y) (1) 

be satisfied hj y = u, and if on developing /(a?, u-\-z) in 
ascending powers of z the index of z in the second term be less 
than unity, then y = t* will be a singular solution. But if 
that index be equal to or greater than unity, y = u will be a 
particular integral. 

Poisson begins by laying down the hypothesis that if y = t* 
be a particular integral obtained by making the arbitrary con- 
stant (7= a in a complete primitive, that primitive will be 
expressible in the form 

a, /8, 7 ... being ascending, positive, and constant indices. He 
then proceeds to investigate a method by which the values of 
theselndices and the forms of the functions X^, X,, &c. canbe 
determined, regarding the failure of such method as an in- 
dication that the supposed particular primitive is a singular 
solution. 

If we replace ((7— a)* by c the above equation assumes 
the form 

y = w + cXj + c*Xj + c^X3 + &c (2), 

a, /8, &c., being ascending, positive, and constant indices 
greater than unity. 

Hence, substituting in (1) 

Am + cAXj + c*AX, + &c. =/(a;, u-^cX^-^ cf'X^ . . .), 

or assuming 

cXj + c^X^ + &c. = z, 

Aw + cAZi+c*AX5,...=/(aj, u + z) (3). 

Now suppose the second member developable in the form 

f[x, u) +/, (aj, u) z^ +/, {x, u) z^ + &c., 

10—2 
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the indices m, n, &c. being positive constants, the values of 
which will be faiown from the constitution of the function 
f[Xj tt). Then replacing z by the series for which it stands, 
and observing that Au =/(aj, w), (3), becomes 

cAZj + c«A JC, + &c. =/ (a?, u) {cX^ + c*X, . . .)"* 

+ &C., 

or, developing the second member in ascending powers of c, 
cAXj + c«A-X, ... =/i {x, u) X^^c"^ + ^ (a;) c"^ + &c (4). 

Now first let m = 1, then equating the first terms of the two 
members, we have 

an equation of difierences for determining X^. This being 
found, we should have on ecjuating the second terms of the 
members of (4) another equation of differences for determining 
Xj, and so on. 

Secondly, let m be greater than 1 ; then making AX^ = 0, 
which determines X^ as a constant, and assummg a = m, 
we get 

AX,=/,(aj,w)X-, 

which determines X,, and so on. Here then also the particu- 
lar integral can be completed. 

But, thirdly, if m be less than 1 the two members of (4) 
cannot be maae to agree. The supposed primitive cannot be 
completed, and is shewn to be a singular solution. 

Poisson illustrates the above theory in the equation 

y_ 4''(Ay)» Ay 

4~ 9 3 W» 

of which a complete primitive is 
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and for which he obtains the singular solution 

^ 8 / IN" 

The direct process involvlnff the employment of Caxdan^s 
rule for determining Ay as a function of x and y being com- 
plicated, it is better to proceed as follows, Foisson^s rule at 
once leads to the condition 

|(Ay)=oo, or^ = 0. 
Applying this to (a) we get 

(4r(A2,r-i=o, 

whence eliminating Ay by means of (a) we have the result in 
question. It must be ascertained by trial that it satisfies the 
equation (a). 

If we attempted to deduce the above species of solutions 
directly from the complete primitive we should have to inves- 
tigate the singular solution of the equation for determining c ; 
so that the above process would still have to be employed. 

Poisson says nothing about the geometrical character of 
these solutions. But it is clear from what has been shewn in 
the foregoing articles that they are not in any pecuKar sense 
the primal forms of those singular solutions of differential 
equations which are geometrically interpreted aB envelopes. 
They are of extremely rare occurrence, and I should not have 
deemed it worth while to notice them but for the double 
object of directing attention to a subject which seems to need 
further investigation, and of shewing how in those cases in 
which Poisson's hypothesis is realized a particular solution 
of an equation of differences may be completed. 
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EXERCISES. 

1. Find a complete primitive of the equation 

(Ay-a)(Ay-J)=0, 

which shall satisfy it by making Ay = a for even, and Ay = b 
for odd, values of x. 



2. The equation 



* 2x + 



i(^^^.) 



is satisfied by the complete primitive y = ca?-^<?. Shew that 
another complete primitive 



• a* 



may thence be deduced. 

3. Shew that a linear equation of differences admits of 
only one complete primitive. 

4. The equation 

Va - 1/ a - 1 ^ 

has y = ca* 4- c* for a complete primitive. Deduce another 
complete primitive. 

5. In what sense are the complete primitives of an equation 
of differences of the first order said to be connected by a law 
of reciprocity? 
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CHAPTER IX. 

LINEAB EQUATIONS WITH VARIABLE COEFFICIENTS, 

1. The symbolical methods for the solution of differential 
equations whether in finite terms or in series {Diff. EquattonSy 
Chap. XVII.) are equally applicable to the solution of equations 
of differences. Both classes of equations admit of the same 
symbolical form, the elementary symbols combining according 
to the same ultimate laws. And thus the only remaining 
difference is one of interpretation, and of processes founded 
upon interpretation. It is that kind of difference which 

exists between the symbols f ^j and ]S. 

It has been shewn that if in a linear differential equation 
we assume a? = €*, the equation may be reduced to the form 

/. (I) « -"f^ (I) ^" +/« © ^" - +-^- (I) ^" = ^' 

(1), 

U being a function of 6. Moreover, the symbols -^ and ^ 
obey the laws, 

fimy-'^Am^M ^^,_ 

And hence it has been shewn to be possible, 1st, to express 
the solution of (1) in series, 2ndly, to effect by general 
theorems the most important transformations upon which 
finite integration depends. 
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Now ^ and ^ are the equivalents oix-j- and a?, and it is 

proposed to devehpe in this chapter the corresponding theory 
of equations of differences founded upon the analogous employ'- 

ment of the symbols x -r- and xD supposing Ax arbitrary, and 

therefore 

A^ {x) — <f>{x + Ax) — <f> {x)y 

Dj> {x) = <f>(x + Ax). 
Prop. 1. If the symbols ir and p he defined hy the equations 

9r = aj^, p=^xD (3), 

they will obey the laws 

f{ir)p^u^p'^f{ir + m)u\ 
f{ir)p-=f{m)p- J ^*^' 

the subject of operation in the second theorem being unity. 

1st. Let Ax = r, and first let us consider the interpretation 
of p'^u^. 

Now pu^ = xDu^ = ocu^r ; 

whence generally 

pX = a?(« + ^) — {^+ (w- 1) r} u^^j 
an equation to which we may also give the form 

pX = a?(aJ+r) ...{x+{m-l)r}iru^ (5). 

If Wa» = 1> then, since u^^^ = 1, we have 

p**! = a? (aj+ r) ... {x+{m- 1) r}, 

to which we shall give the form 

p~ = a; (a?+ 1) ... {x+ (w- 1) r}, 
the subject 1 being understood. 
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2ndly, Consider now the series of expressions 

Now 
7rpX = a?^a? (aj + r) ... {aj+ (w- 1) r} w^^ 

r 
= x... {aj+(m-.l)r}-^— i- — ^ «^<^t>«- ^siSUL 

Hence 

and generally 

Therefore supposing /(tt) a function expressible in ascend- 
ing powers of tt, we have 

f{^)p^u^p''f{7r + m)u (6), 

which is the first of the theorems in question. 
Again, supposing t^ = 1, we have 

= P" {/N +/ H T +^^ ^+ &c j 1. 
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But ttI = a?-^l = 0, 71^1 = 0, &c. Therefore 

fi7r)p-l=py{m)l. 
Or, omitting but leaving understood the subject unity, 

f{'^)p'-fHp'' (7). 

Prop. 2. Adopting the previotis definitions of ir and p, 
every linear equation of differences admits of symbolical ex- 
pression in the form 

/o W «««+/i W pu» +/8 (tt) p^u^ . . . +/« (tt) pX = X . . (8). 

The above proposition is true irrespectively of the parti- 
cular value of Ace, but the only cases which it is of any im- 
portance to consider are those in which Aa;== 1 and — 1. 

First suppose the given equation of differences to be 

X^u^^^ + X^u^^^...+X^u„=^if>{x) (9). 

Here it is most convenient to assume Aa? = 1 in the expres- 
sions of TT and p. Now multiplying each side of (9) by 

X (a?+l) ... {x + n — 1), 
and observing that by (5) 

^x+i = P^x^ a? (a; + 1) Wx+8 = pX, &c., 
we shall have a result of the form 

But since Aa? = 1, 

7r = a?A, p = xD 

= a!:A + a?. 
Hence 

a? = — TT + p, 
and therefore 

These must be expressed in ascending powers of p, regard 
being paid to the law expressed by the nrst equation of (4). 
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The general theorem for this purpose, though its applica- 
tion can seldom be needed, is 

-i^.Wi^ + &c (11), 

where F^{nr), F^{'it), &c., are formed by the law 

F„ W = F^, H - F^, (tt - 1). 
{JDiff* Eguationsj p. 439.) 

The equation (10) then assumes after reduction the form (8). 

Secondly, suppose the given equation of differences pre- 
sented in the form 

X^u^+X^u^^...-^X^u^=^X. (12). 

Here it is most convenient to assume Lx = — 1 in the ex- 
pression of TT and p. 

Now multiplying (12) by a; (a? — 1) ... (a?— w+ 1), and ob- 
serving that by (5) 

^x-i = pw^j a; (a? - 1) u^= p^u^, &c., 
the equation becomes 

^0 (^) ^« + ^i (^) P^* — + ^» (^) PX= -^> 
but in this case as is easily seen we have 

a? = TT + p, 

whence, developing the coefficients, if necessary, by the theo- 
rem 

i?; (,r + p) =F, W + F, {ir) p + F,{ir)^ + &c . ..(13), 

where as before 

F» (w) = F^, {ir) - F^, (ir - 1), 
we have again on redaction an equation of the form (8). 
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2. It is not always necessary in applying the above 
methods of reduction to multiply the given equation by a 
factor of the form 

x(x + l) ... {x + n— 1), or a? (cc — 1) ... (cc — w + 1), 

to prepare it for the introduction of p. It may be that the 
constitution of the original coeflScients X^, X^ ... X^ is such as 
to render this multiplication unnecessary; or the requisite 
fisustors may be introduced in another way. Thus resuming 
the general equation 

X^u^ + X^u^^...+X^u^=^0 (14), 

assume 

L % M ... (Z/ 

We find 

X,,Va, + XjaJv^i...+X^aj(a;-l) ... (a;-n+ 1) tv„ = 0...(15). 

Hence assuming 

where Aa? = — 1, we have 

Xoi?, + Xjpv,... + X^p% = (16), 

and it only remains to substitute tt + p for a? and develope the 
coefficients by (13). 

3. A preliminary transformation which is often useful 
consists in assuming u^ = fi'v^. This converts the equation 

X^u„ + X^u^^...+X^u^=^0 (17) 

into 

^"X,t?, + ^"-^X,v^,...X,v^, = (18), 

putting us in possession of a disposable constant fi. 

4. When the given equation of differences is expressed 
directly in the form 

X,A*w + X,A-'w... + X«w = (19), 

it may be convenient to apply the following theorem. 
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Theorem. If tt = aj-r— > p = a?-D, then 

7r(7r — 1) ... (tt — n + 1) w = » (aj+Aa?) .^. 

{a:+(n-l) Aaj} (Ay^ (20). 

To prove this we observe that since 

F{ir) p^'u = p*i^ (tt + n) u, 
therefore i^ (tt + w) w = p""i^ (tt) pX 

whence F{nr — n)u=^p'*F (tt) p""w. 

Now reversing the order of the factors tt, tt— 1 , . . . tt— w+ 1 in 
the first member of (20) and applying the above theorem to 
each factor separately, we have 

(tt— W+ 1) (tt— W + 2) ... TTU 

= p TTp p irp • • • iru 

But p---i-i>r-t=^---^-ir^^; 

/ A \" 
.-. (TT-n+l) (7r-n + 2) ...7r = p"fi)"'-^l 

But p''u=x{x + r) ... {a; + (n - 1) r} J>"z*, whence 
(7r-w+l)(7r-n + 2)...7rM = aj(a; + r)...{aj+(n-l)r}f^j w, 
which, since r = Aa;, agrees with (20). 

When Aa? = 1, the above gives 
TT (tt- 1) ,.. (tt-w+I) =aj(a; + l) ... (a? + n- 1) A\..(21). 

Hence, resuming (19), multiplying both sides by 

a? (aj+ 1) ... (a; + w — 1), 
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and transfonning, we have a result of the form 

<l>o{x) TT {tt — 1) ...(tt — n + 1) u 

+ i>i{x) IT {it — 1) ... {it — n + 2) u + &c. = 0. 

It only remains then to substitute a? = — 7r+ /o, develope the 
coefficients, and effect the proper reductions. 



Solution of Linear Equations of Differences in series. 

6. Supposing the second member 0, let the given equation 
be reduced to the form 

/o W ^ +/i W (^ +f. W A - +/n W A = (22), 

and assume u = %a^p^. Then substituting and attending to 
the first equation of (4), we have 

2 {/o W a^-^+f, W a„p«^' ...+/, (tt) a^»^} = 0, 

whence, by the second equation of (4), 

in which the aggregate coefficient of p"* equated to gives 
f W a« +/i H a^j ... +/h (m) a^« = (23). 

This, then, is the relation connecting the successive values 
of a^. The lowest value of m, corresponding to which a^ is 
arbitrary, wiU be determined by the equation 

and there will thus be as many values of u expressed in series 
as the equation has roots. 

If in the expression of tt and p we assume Aaj= 1, then 
since 

p~ = aj(aj + l)...(aj + w-l) (24), 
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the series Sa^*" will be expressed in ascending factorials of 
the above form. But if in expressing ir and p we assume 
Aaj = — 1, then since 

p** = a?(aj-l)...(a;-m+l) (25), 

the series will be expressed in factorials of the latter form. ' 

Ex. 1. Given 

(aj- a) w^- (2a;-a - 1) w^i+ (1 -2") (a; - 1) w,., = 0; 
required the value of %«, in descending factorials. 

Multiplying by a?, and assuming tt = a? ^ , p = xD, where 
Aa; = — 1, we have 

X {x-a)u^- (2a;-a-l) pu„+{l — J^ pX = 0, 

whence, substituting 7r + p for a;, developing by (11), and 
reducing, 

7r(7r-a)t«a;-2*pX=0 (a). 

Hence t*a,=«Sa,„/»*", . 

the initial values of a^ corresponding to wi = and m = a 
being arbitrary, and the succeeding ones determined by the 
law 

m(m-a)a„-j'a«^=0. 

Thus we have for the complete solution 
' \ 2(2-a) 2.4.(2-a).(4-a) J 

( 2.(2+a) 2. 4 (2 + a) (4+ a) J ^' 

It may be observed that the above equation of differences 
might be so prepared that the complete solution should admit 
of expression in finite series. For assuming u^ = fi'v^ , and 
then transforming as before, we find 
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/iAV(7r — a)v,+ (ji^ — fi) (27r — a — 1) /M?, 

+ {(m-1)*-2*}A. = (c), 

which becomes binomial if /i* = 1 ± y, thus giving 

7r(7r — a)v, + ^- (27r — a — 1) /w,. = 0. 

A* 

Hence we have for either value of /tt, 

w,=:/iA*Sa^~ = /iA*Sa„a?(a?-l) ... (aj-w+1) (d), 

the initial value of m being or a, and all succeeding values 
determined by the law 

m{m-a)a^+ (2m - a - 1) a^^ =0 {e). 

It follows from this that the series in which the initial value 
of m is terminates when a is a positive odd number, and the 
series in which the initial value of m is a terminates when a is 
a negative odd number. Inasmuch however as there are two 
values of /a, either series, by giving to fi both values in suc- 
cession, puts us in possession of the complete integral. 

Thus in the particular case in which a is a positive odd 
number we find 



u^ 



-rri4.^^«Jl g (l--a)a; 



_l_ (l-a)(3-a)a:«> 1 

"^ (1 +qy i .2 (1 -a) (2-a) ""^^-j 



.c■^^-,y{l^^^^ 



<t (l-a)(3-a)a;« ,\ 
■*■(! + j)«1.2(l-o)(3-o)"^®°-j - W- 

The above results may be compared with those of p. 454 ©f 
Differentioil Equatiom. 
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Finite solution of Equations of Differences. 

6. The simplest case which presents itself is when the 
symbolical equation (8) is monomial, i. e. of the fonn 

/.W« = X (26). 

We have thus 

«-{/.wr^ (27). 

Eesolving then {f (tt)}"* as if it were a rational algebraic 
fraction, the complete value of u will be presented in a series 
of terms of the form 

^ (tt - a)-*X 

But by (4) we have 

(7r-a)-*X=p«(7r)-*/)--X (28). 

It will suffice to examine in detail the case in which Ao; = 1 
in the expression of tt and p. 

To interpret the second member of (28) we have then 

p'*^{x) =a;(aj + l) ... (aj + a — l)0(a? + a), 

-«./ x_ (a? — g) 

f" 'P^^^""(aj + l)(aj + 2)...(a? + a)' 

7r-*0(a;) = (a?A)-*0(a;) 

= S^S-...^(aj); 

the complex operation S - , denoting division of the subject 
by X and subsequent integration, being repeated i times. 

Should X however be rational and integral it suffices to 
express it in factorials of the forms 

0?, a?(a + l), a?(a; + l) (a + 2), &c. 

B. F. D. V^ 
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to replace these by p, p*, p', &c. and then interpret (27) at 
once by the theorem 



= {^Wr'^(^ + l) ••• {x + m-l) ...(29). 

As to the complementary function it is apparent from (28) 
that we have 

(7r-a)'*0 = pV*0. 

Hence in particular if t = 1, we find 

(7r-a)"'0 = pV0 
= p"2a;-' 

= Cb(aj + l) ... {x + a-1) (30). 

This method enables us to solve any equation of the form 

x{x + l) ... {x + n — 1) A"w + AjX {x + 1) ... 

... (aj + w-2) A""V... + Aw = X (31). 

For symbolically expressed any such equation leads to the 
monomial form 

{7r(7r — 1) ... {it — 11+ 1) + ^jTT (tt — 1) ... 

... (7r-n + 2) ...+A^}u = X (32). 

Ex. 2. Given 

x{x + l) A\ - 2xAu + 2u = x{x + l) {x + 2). 

The symbolical form of this equation is 

7r(7r-l) w-27rw + 2w = a;(ic+l) {x + 2) (a), 

or {'7t'-Bir+2)u = p\ 

Hence t^ = (tt^ ~ Stt + 2)"^ p^ 

= (3'-3x3 + 2)-'p' 
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since the factors of tt^ — Stt + 2 are tt — 2 and tt — 1. Thus 
we have 

u^ 2 ^^ (« + !) + Oj^ (i). 



Binomial Equations, 

7. Let us next suppose the given equation binomial and 
therefore susceptible of reduction to the form 

w + 0Wp*^=C^ (33), 

in which Z7 is a known, u the unknown and sought function 
of X. The possibility of finite solution will depend upon the 
form of the function ^ (tt), and its theory will consist of two 
parts, the first relating to the conditions under which the 
equation is directly resolvable into equations of the first order, 
the second to the laws of the transformations by which 
equations not obeying those conditions may when possible be 
reduced to equations obeying those conditions. 

As to the first point it may be observed that if the equa- 
tion be 

'*+^s'^=^ (^*)' 

it will, on reduction to the ordinary form, be integrable as an 
equation of the first order. 

Again, if in (33) we have 

(tt) = -^ (tt) -^ (tt — 1) ... -^ (tt — n + 1), 

in which '^ (tt) = ^ , the equation will be resolvable into 

' air-k-b ^ 

a system of equations of the first order. This depends upon 

the general theorem that the equation 

u + a^if> (tt) (m + aj^ (tt) ^ (tt — 1) p^u ... 

+ an0 W ^ (tt — 1) ... ^ (tt — w + 1) p*M = U 

W— ^>. 
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may be resolred into a system of equations, of the form 

u — q^ {it) pu= Z7, 
q being a root of the equation 

2" + ^if^ + «2?""^ ... + a^ = 0. 
{Differential Eguation8y p. 405.) 

Upon the same principle of formal analogy the propositions 
upon which the transformation of di%rential equations depends 
(is. pp. 408-9) might be adopted here with the mere substitution 
of TT and p for D and e*. JBut we prefer to investigate what 
may perhaps be considered as the most general forms of the 
theorems upon which these propositions rest. 

From the binomial equation (33), expressed in the form 

{l+0(7r)p'»}i.= £r, 

we have 

t^ = {l + ^(7r)p'*P£r, 

and this is a particular case of the more general form, 

u = F{if>{nr)p^] U (35). 

Thus the unknown ftinction u is to be determined from the 
known function Uhj the performance of a particular operation 
of which the genercd type is 

Now suppose the given equations transformed by some 
process into a new but integrable binomial form, 

t? + i/r (tt) p" v = F, 

F being here the given and v the sought function of a?. We 
have 

which is a particular case of F[^ (tt) p"} F, supposing F{() to 
denote a function developable by Maclaurin's theorem. It is 
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apparent therefore that the theory of this transformation must 
depend upon the theory of the connexion of the forms, 

F[<l> {-n-) p'}, F{ir{-^)p'}. 

Let then the following inquiry be proposed. Given the 
forms of if) (tt) and i/r (tt), is it possible to determine an 
operation ;^ (tt) such that we shall have generally 

n<f> W P'] X W ^= X W Flf (,r) p«} X (36), 

irrespectively of the form of X? 

Supposing F{t) = tf we have to satisfy 

W />"% W -s:= X W ^ W p* ^ (37). 

Hence by the first equation of (4), 

W X (^-^) P^'^^fM X W p^X, 
to satisfy which, independently of the form of X, we must have 

f W X W = W X (t- w) ; 

••. xW=^)X(t-«). 
Therefore solving the above equation of difierences, 

Substitnting in (37), there results, 

or, replacing P, ^^ X by ^, 
and therefore X by |p, ^^l X^, 
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If for brevity we represent P, \ ,{ by P, and drop the 
suffix from X, since the function is axbitrary, we have 

(f> (ir) p"X= JP^ {-ir) pT-'X. 

Hence therefore 

{* W p'}' X=P^{-n) p'P-^ iV W p'F-^X 

and continuing the process, 

{<l>(:r)pTX=P{f{nr)pTI^'X. 

Supposing therefore F[t) to denote any fdnctlon develop- 
able Dy Maclanrin's theorem, we have 

F[^ (tt) p*}X= PF{f (tt) p"} P-^X. 

We thus arrive at the following theorem. 

Theorem. The symbols ir and p combining in subjection to 
the law 

f{ir)p'^X=py{T + m)X, 

the members of the jbllomng equation are symbolically 
equivalent^ viz. 

A. From this theorem it follows, in particular, that we can 
always convert the equation 

w 4 (-tt) p*w = ?7, 
into any other binomial form, 

by assuming « = P, ^^ v. 
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For we have 

whence since 

t; = {l + i/r(7r)p'*pF, 

it follows that we must have 

In applying the above theorem, it is of com'se necessary 
that the functions ^ (tt) and '^ (tt) be so related that the 

continued product denoted by P^ fV~\ should be finite. The 

conditions relating to the introduction of arbitrary constants 
have been stated with sufficient ftdness elsewhere, {Differmtial 
Uqiuitions, Chap. XVII. Art. 4). 

B. The reader will easily demonstrate also the following 
theorem, viz: 

F{<l>{ir)p''}X=p^F{<l>{ir + m)p''}p'^X, 

and deduce hence the consequence that the equation 

t« + (tt) /o*w = U, 

may be converted into 

v + <l>{7r + m) p*v = /o"~ U, 

by assuming u = p'^'v. 

8. These theorems are in the following sections applied to 
the solution, or rather to the discovery of the conditions of 
finite solution, of certain classes of equations of considerable 
generality. In the first example the second member of the 
given equation is supposed to be any function of x. In the 
two others it is supposed to be 0. But the conditions of 
finite solution, if by this be meant the reduction of the dis- 
covery of the imknown quantity to the performance of a finite 
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number of operations of the kind denoted by S, will be the 
same in the one case as in the other. It is however to be 
observed, that when the second member is 0, a finite integral 
mav be frequently obtained bv the process for solutions in 
series developed in Art. 5, while if the second member be X, 
it is almost always necessary to have recourse to the trans* 
formations of Art. 7. 



Discussion of the equation 
{ax+h) u„+ {cx + e) u^i+{fa + ff) u^ = X. (a). 

Consider first the equation 

(ax + b) u^+ {cx + e) u^^+f{x - 1) u^ = X (J). 

Let u^^fi'Vggj then, substituting, we have 
fA''{ax + h)v^+fi{cx + e)v^,+f{X''l)v^^=fi'^X. 

, A 

Multiply by x and assume 7r = a;^, p = a;J9, in which 

Ax = — 1, then 

fi*{aoi? + hx) v^ + fi{cx + e) pv„+fp\=^xfr^Xf 

whence, substituting tt + p for a? and developing the coeffi- 
cients, we find 

fi* (a7r^+ h7r)v„ + fi{ {2afi + c) ir + {h — a) fi + e} pv„ 

+ {afi'' + cfi+f)p\^Xfr^X (c), 

and we shall now seek to determine /it so as to reduce this 
equation to a binomial form. 

1st. Let fi be determined by the condition 

a/i* + c/i +/= 0, 
then making 

2afi + c^Ay (b-'a)fA + e=siB, 
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we have 



or 

B 

. A """^ 1 r / ^i\p ^,^ 

or, supposing F to be any particular value of the second 
member obtained by Art. 6, for it is not necessary at this 
stage to introduce an arbitrary constant, 

B 



A ^ + 3- 



7r(^ + .y 



This equation can be integrated when either of the func- 
tions, 

B B_l 

A' A a' 
is an integer. In the former case we should assume 

a 

whence we shoidd have by (-4), 

In the latter case we should assume as the transformed 
equation 
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and should find 

7r + -j 7r + - 

v.^p, — ^w^ w^^p, — If. {h). 

a A 

The value of W„ obtained from (/) or (A) is to be sub- 
stituted in [e) or (^), w^ then found by integration, and v^ 
determined by (/) or (A). One arbitrary constant will be 
introduced in the integration for w^, and the other will be 
due either to the previous process for determining TF^, or to 
the subsequent one for determining v^. 

Thus in the particular case in which -r is a positive inte- 
ger, we should have 

Tr«=|(7r+ ^ (t + 3 - l) ... (7r+ l)|"o, 

a particular value of which, derived from the interpretation 
of [7r+-jj and involving an arbitrary constant, will be 

found to be . Substituting in (e) and reducing the 

X "T" •*/ 

equation to the ordinary unsymbolical form, we have, 

/» 

and Wga being hence found, we have 

for the complete integral. 

2ndly. • Let ^ be determined so as if possible to cause the 
second term of (c) to vanish. This requires that we have 

2afi + c = 0, 
(5 — a) /i + e = 0, 

and therefore imposes the condition 

2ae + (i — a) c = 0. 



w„ 
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1 mating /t = ~'' 
h' . 1 



Supposing this satisfied, we obtain, on making fi = —-, 

AO0 



V^ ^«- ^ ± -^ 



TT 






'X 



or, representing any particular value of the second member 
by V, 

where 

,_ V(c«-4a/) 

an equation which is integrable if - be an odd number whe- 
ther positive or negative. We must in such case assume 

and determine first W^. and lastly v^ by A. 

To found upon these results the conditions of solution of 
the general equation (a), viz. 

assume 
Then 



(oa^'+J-a^)^^ 



comparing which with (i) we see that it is only necessary in 
the expression of the conditions already deduced to change 

Hnto J-^ii^, «into.-^Ji±^. 
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Solution of the above equation when X^ by definite 

integrals. 

9. If representing w, by u we express (a) in the form 

{ax + b)u+{cx'\-e)€ ^u+ {fx +ff) e '^'w = 0, 
or 

x{a + C€^+fi '**) u+{b + e€~^+ge'^^)u = 0, 

its solution in definite integrals may be obtained by Laplace's 
method for differential equations of the form 

d\ . . fd\ 



^<^y^+^y^=o, 



each particular integral of which is of the form 



.=0/ 



rsn- 



dt, 



the limits of the final integration being any roots of the 
equation 

/+/«{«) *=:0, 

See Differential Equations^ Chap. XVIII, 

The above solution is obtained by assuming u = f^J^{t)dtj 
and then by substitution in the given equation and reduction 
obtaining a differential equation for determining the form of 
f{t), and an algebraic equation for determining the limits. 
Laplace actually makes the assumption 

u=^JfF{t)dt, 

which differs from the above only in that log* takes the 
place of t and of course leads to equivalent results {ThSorie 
Analytique des ProbabilitSs, pp. 121, 135). And he employs 
this meuiod with a view not so much to the solution of dim* 
cult equations as to the expression of solutions in forms con- 
venient for calculation when functions of large numbers are 
involved. 
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Thus taking his first example, viz. 

and assuming u„^jfF(t) dt, we have 

Sr'F{t)dt^{x + l)JfF{t)dt^O (i). 

But 

{x+l)IfF{t) dt^jF{t) (aj + 1) fdt 

^F{i)r^^jr'F'{t)dt. 

So that [%) becomes on substitution 

jr' {F{i) +F\t)] dt-^F(t) r^ = 0, 

and furnishes the two equations 

F{t)+F{t)^(^, 

F{t)f^'^0, 
the first of which gives 

F{t) = (76-*, 

and thus reducing the second to the form 

(7e"*^i = 0, 

gives for the limits ^ = and < « oo , on the assumption that 
a? + 1 is positive. Thus we have finally 






€^fdt, 



the well known expression for T (x+l). A peculiar method 
of integration is then applied to convert the above definite in- 
tegral into a rapidly convergent series. 

Discussion of the equation 
{aa? + hx + c)u„ + {ex-\-f)u^^+gu^=^0 (a). 

10. Leta«,= r-f^^; then 

fi^ {aa? + hx + c) v, + fi {ex+f) ODV^^+gx{x^l) v»^ = 0. 
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Whence, assuming tt = a; -^ , v = xD^ where Ax = — 1, we 

have 

fi^ {ax^+bx + c)v,+ fjL{ex +/) pv^ + gp^v^^O. 

Therefore substituting tt + /> for a?, and developing by (13), 

/a' (aTT^ + iTT + c) +/A {(2a/Lt4-e) TT + (J — a) /x+jf} fw, 

+ (ji''a-\-fie + g)p\=^0 (J). 

First, let fi be determined so as to satisfy the equation 

a/jL* -{■ Cfjb + ff =^ 0, 
then 

fi (a7r^ + &7r+ c) «;«;+ {{2afi + e) 7r+ (i- «) /*+/} pv, = 0. 

Whence, by Art. 5, 

Vi^='Za^x{x — l) ... (x-m+l), 
the successive values of m being determined by the equation 
fi^ {a7n? + bm + c) a^+ {{2afi^ + ep) m+{b-a) p!^+ffJi] a«_i = 0, 



{2ap, + e) m + {b — a) p +f 
*" "" p {am^ + 6m + c) "*"' ' 



or i^« — :77^^2 L A^ J ^\ **'«-! 



Represent this equation in the form 

and let the roots of the equation 

am^ + bm + c = 
be a and /8, then, 

v,= C {x^-) -/(a + 1) aj<-+i) +/ (a + l)/(a + 2) x^-^^^ - &c.} 
+ 0' {x<^) -/(^+1) a;<^+i)+/03+l)/03+2)ar<^+2) ^&c^j_(^)^ 

where generally xc^^^ = a; (a? — 1) ... (x — p + l). 
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One of these series will tenninate whenever the value of m 
given by the equation 

(2a/Lt + 6) m + (J — a) /Lt +/= 0, 

exceeds by an integer either root of the equation 

arr? + ^ + c = 0. 
The solution may then be completed as in the last example. 

Secondly, let /Lt be determined if possible so as to cause the 
second term of (i) to vanish. This gives 

2aii + 6 = 0, 

(i-a)/i+/=0, 

whence, eliminating /Lt, we have the condition 

2af+(a-i)6 = 0. 

This being satisfied, and fi being assumed equal to 

— r- , (i) becomes 

Or putting h = ^fcM , 

TT H — 7r + - 
a a 

and is integrable in finite terms if the roots of the equation 

b c 

a a 

differ by an odd number. 

Discussion of the equation 
{aa? + Ja: + c) AX + (ea? +/) Aw^. + gu^ = 0. 

11. By resolution of its coefficients this equation is reduci- 
ble to the form 

aix — a) (a; — /8) AX+e(i»-7) ^u^-^gu^^^^^ .... (a). 
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Now let a:— a = a:' + l and«,=t?/, then we have 
a {x' + l) {x' + a- /3+ 1) A't;.- 

or, dropping the accent, 

a (a? + 1) (aj + a - /8+ 1) A%„ 

If from the solution of this equation v^. be obtained^ the 
value of Ugg will thence be deduced by merely changing x 
into 0? — a — 1. 

Now multiply (J) by x, and assume 

where Ax = !• Then, since by (20), 

X {x+1) AX = 7r (tt— 1) v^ 
we have 

a (a; + a-/8+ 1) tt (tt — 1) v^ 

H-e(a; + a-7+l) 7rVg,+gv^ = 0. 

But a; = — TT + p, therefore substituting, and developing the 
coefficients we have on reduction 

7r{a (tt— a + /8 — 1) (tt— 1) +e (tt— a + 7 — 1) +5^}^, 

- {a (tt- 1) (7r-2) +e (tt - 1) +5^1 /)t;« = 0...(c). 

And this is a binomial equation whose solutions in series are 
of the form 

i?^ = Sa«a; (a: + l) ... (a: + w — 1), 

the lowest value of m being a root of the equation 

w{a(m-a + /8-l) (m-1) +e (w-a + 7-l) +5^} =0,..(^, 

corresponding to which value a^ is an arbitrary constant, 
while all succeeding values of a^ are determined by the law 

^"^ ■"m{a(m-a + /8-l) (m-1) +e (w-a + 7-l) +^} ^"*-»" 
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Hence the series terminates when a root of the equation 

a(m-l) {m-2)+e{m-l)+g = (e) 

is equal to, or exceeds by an integer, a root of the equation (d). 

As a particular root of the latter equation is 0, a particular 
finite solution may therefore always be obtained when (e) is 
satisfied either by a vanishing or by a positive integral value 
of m. 

12. The general theorem expressed by (38) admits of the 
following generalization, viz. 

The ground of this extension is that the symbol tt, which 
is here newly introduced under F, combines with the same 

symbol tt in the composition of the forms Fn f) ( > Pn Tl I 

external to F^ as if tt were algebraic. 

And this enables us to transform some classes of equations 
which are not binomial. Thus the solution of the equation 

/o W ^ +/i W W pu +/2 W <l> W ^ (-n- - 1) /)V = U 
will be made to depend upon that of the equation 
/.(T)«+/.WV^(7r)p«+/.(,r)^(,r)V^(,r-l)/>'t» = P,^^Cr 
by the assumption 

13. While those transformations and reductions which 
depend upon the fundamental laws connecting tt and p, and are 
expressed by (4), are common in their application to differen- 
tial equations and to equations of differences, a marked dif- 
ference exists between the two classes of equations as respects 
the conditions of finite solution. In differential equations 

where 't = -7^ , p = e*, there appear to be three primary inte- 

grable forms for binomial equations, viz, 

B. F. D. '^ 
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air + h 



u + — -— p*w = Z7, 

a( 7r-n)' + & , ^ 

"+ a-^ + h P'"-^' 

primary in the sense implied by the fact that every binomi 
equation, whatsoever its order, which admits oi finite solutio 
is reducible to some one of the above forms by the tran 
formations of Art. 7, founded upon the formal laws connectii 
TT and p. In equations of differences but one primary int 
grable form for binomial equations is at present known, viz, 

and this is but a particular case of the first of the abo 
forms for differential equations. • General considerations li 
these may serve to indicate the path of future inquiry. 



EXERCISES. 

1. Of what theorem in the differential calculus does (2 
Art. 4, constitute a generalization ? 

2. Solve the equation 

3. Solve by the methods of Art. 7 the equation of cl 
fcrences of Ex. 1, Art. 5, supposing a to be a positive o 
number. 

4. Solve by the same methods the same equation supposi 
a to be a negative odd number. 
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CHAPTER X. 

OF EQUATIONS OF PAKTIAL AND OF MIXED DIFFERENCES, AND 
OF SIMULTANEOUS EQUATIONS OF DIFFERENCES. 

1. If Ug.y he any function of x and y, then 









U 



Ay-^" Ay 



(1). 



These are, properly speaking, the coefficients of partial dif- 
ferences of the first order of u^^y. But on the assumption 
that Ax and Ay are each equal to unity, an assumption which 
we can always legitimate, Chap. I. Art. 2, the above are the 
partial differences of the first order of Uj,^y. 

On the same assumption the general form of a partial dif- 
ference of Ugg^y is 

Atn+n / A \"* / A \** 



^-.v, or -^ a7J^-.«^ (2)- 



(Ax)'" {AyY *•«" \Ax) \AyJ *• 

When the form of u^^y is given, this expression is to be inter- 
preted by performing the successive operations indicated, each 
elementary operation being of the kind indicate i in (1). 

Thus we shall find 

A' __ . 

It is evident that the operations -r— and -r— in combination 

are commutative. 

12—2 
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Again, the symbolical expression of -r- in terms of 
being 

A 6 ^'-l 

Aa?"" Aa? (^)' 

in which Aa? is an absolute constant, it follows that 

VAc/ (Ar}» ^' 

and therefore 

+ ^ ^ "^ - 2*«+(«-«)Ax.y - &c.| -T- (Aa?)» (4). 

So, also, to express f ^j ^^j w,,^ it would be necessaj 

to substitute for -r— , -r- their symbolical expressions, 1 

effect their symbolical expansions by the binomial tbeoreu 
and then to perform the final operations on the subject fiin^ 
tion Wjp^y. 

Though in what follows each increment of an independei 
variable will be supposed equal to unity, it will still \ 

necessary to retain the notation -j— , -r— for the sake of di 

tinction, or to substitute some notation equivalent by def 
nition, e.g. A^., A^. 

These things premised, we may define an equation of pai 
tial differences as an equation expressing an algebraic rela 
tion between any partial differences of a function Wa;,y.«...> th 
function itself, and the independent variables x,y,z\.. O 
instead of the partial differences of the dependent mnction, it 
successive values corresponding to successive states of incre 
ment of the independent variables may be involved^ 
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Thus ^A^^*.»+y5^^«.v = 0, 

and xu^^^y + yu^^^^^ - (a? + y) u^,y = 0, 

are, on the hypothesis of Ax and Ay being each equal to 
unitjr, different but equivalent forms of the same equation of 
partial differences. 

Equations of mixed differences are those in which the sub- 
ject function is presented as modified both by operations of 

A A // /7 

the form — , — , and by operations of the form ;t- j ;t- > 

singly or in succession. Thus 

is an equation of mixed differences. Upon the obvious sub- 
ordinate distinction of equations of ordinary mixed differences 
and equations of partial mixed differences it is unnecessary 
to enter. 

Before engaging in the discussion of any of the above 
classes of equations a remark must be made upon a question 
of analogy and of order. 

The theory of partial differential equations is essentially 
dependent upon that of simultaneous differential equations of 
the ordinary kind, and therefore follows it. But it may be 
affirmed that in the present state of the Calculus of Finite 
Differences any such order of dependence between equations 
of partial differences and simultaneous equations of differences 
is of a quite subordinate importance. In nearly all the cases 
in which the finite solution of equations of partial differences 
is as yet possible it will be found to depend, directly or vir- 
tually, upon a symbolical reduction by which the proposed 
equation is presented as an ordinary equation of differences, 
the chief, or only, difficulty of the solution consisting in a 
difficulty of interpretation. And the same observation is 
equally applicable to equations of mixed differences, no gene- 
ral theory determining a priori the nature of the solution of 
equations of either species, partial or mixed, even when but 
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of the first order, as yet existing. At the same time whai 
ever belongs to the solution of simultaneous equations < 
difierences — and specially whatever relates to the process ( 
their reduction to single equations — is of common applicatioi 
and of equivalent import, whether those equations are of tl 
ordinary, of the partial, or of the mixed species. We ther< 
fore think it right to treat of the subjects of this chapter i 
the order in which they have been enumerated, i. e. we sha 
treat first of equations of partial difierences; secondly, < 
equations of mixed difierences ; lastly, of simultaneous equi 
tions of all species. 



Equations of Partial Differences. 

2. When there are two independent variables a? and \ 
while the coeflScients are constant and the second member 
0, the proposed equation may be presented, according to coi 
venience, in any of the forms 

i^(A„A,)i. = 0, F{D,,D,)u^O, 

F{^,,D,)u = 0, F{D,,A,)u^O. 

Now the symbol of operation relating to x, viz. A^. or D 
combines with that relating to y, viz. A^ or Dy, as a constai 
with a constant. Hence a symbolical solution will be ol 
tained by replacing one of the symbols by a constant quai 
tity a, integrating the ordinary equation of difierences whic 
results, replacing a by the symbol in whose place it standi 
and the arbitrary constant by an arbitrary Junction of th 
independent variable to which that symbol has reference 
This arbitrary function must follow the expression whic 
contains the symbol corresponding to a. 

The condition last mentioned is founded upon the intei 
pretation of (2> — a)"*X, upon which the solution of ordi 
nary equations of difierences with constant coefficients is nlti 
mately dependent. For (Chap. vii. Art. 6) 
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whence 

(2>-arO = a^S'0 

= a*^ (co+ c^x. . .+ c„_ia;*"^), 

the Q.oxi%i^x)i% following the factor involving a. 

The diflSculty of the solution is thus reduced to the diffi- 
culty of interpreting the symbolical result. 

Ex. 1. Thus the solution of the equation u^^—au^^^^ of 
which the symbolical form is 

being 

the solution of the equation w-., «— w*. „j.,= 0, of which the 
symbolic lorm is 

will be 

To interpret this we observe that since i?y= e*' we have 

Ex. 2. Given w^,,y^,-w^,y^^-t^^,y=0. 

This equation, on putting u for u^^ y, may be presented in 
the form 

i?yA^w-w = (1). 

Now replacing Dy by a, the solution of the equation 

abk^ — 14 == 
is 

therefore the solution of (1) is 

«=(i+^rr^(y) (2), . 
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where ^ (y) is an arbitrary ftinction of y. Now, developiiig \ 
the binomial, and applying the theorem 

we find 

which is finite when a; is an integer. 
Or, expressing (2) in the form 

developing the binomial in ascending powers of 2)^, and inter- 
preting, we have 

+ ^^f^^(y-«+2)+&c (4). 

Or, treating the given equation as an ordinary equation of 
differences in which y is the independent variable, we find as 
the solution 

«=(A,r^(a:) (5). 

Any of these three forms may be used according to the re- 
quirements of the problem. 

Thus if it were required that when x = 0,u should assume 
the form e*^, it would be best to employ (3) or to revert to 
(2) which gives (f) {y) = e*^, whence 



u^{i+d;'Y^ 



d 



= (1 + e-^)*e"**' (6). 



3. There is another method of integrating this class of 
equations with constant coeflScients which deserves attention. 
We diall illustrate it by the last example. 
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Assume u^^^ y= S C(fV, then substituting in the given equa- 
tion we find as the sole condition 

Hence 

and substituting, 

As the summation denoted by 2 has reference to all pos- 
sible values of J, and G may vary in a perfectly arbitrary 
manner for diflferent values of i, we shall best express the 
character of the solution by making C an arbitrary function 
of h and changing the summation into an integration ex- 
tended from — 00 to 00 . Thus we have 






As <^(J) may be discontinuous, we may practically make 
the limits of integration what we please by supposing <f> (i) 
to vanish when these limits are exceeded. 

If we develope the binomial in ascending powers of J, we 
have 

*' —00 J —00 

+^^^^j''ir^<l>{h)db + &c (7). 



Now 



f h'<i>{h)db=^{e), 

•* -00 

'>^[Sf) being arbitrary if ^(J) is; hence 
which agrees with (4). 



w* 









I 
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Although it is usually much the more convenient ooui 
to employ the symbolical method of Art. 2, yet cases m 
arise in which the expression of the solution by means of 
definite integral will be attended with advantage; and t 
connexion of the methods is at least interesting. 

Ex. 3. Given A'^Mjb_j ^ = A^t^^^.^. 
Replacing u^^ by Uy we have 

or (A,«i>,-A/i?.)t^ = 0. 

But A, = i>^-1, A^ = i>^-1; 

therefore (i?/i>^ + A - A'^» - ^») t^ = 0, 
or {DJ)^-1) {D^-D;) u = 0. 

This is resolvable into the two equations 

{DJ)^-l) w = 0, {D^-D;) w = 0. 

The first gives 

of which the solution is 

The second gives, by Ex. 1, 

Hence the complete integral is 

u=^ if> [y — x) + '^ {y -\- x). 

4. Upon the result of this example an argument h 
been founded for the discontinuity of the arbitranr ftm 
tions which occur in the solution of the partial different] 
equation 

d\ d}u __ 
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and thence, by obvious transformation, in that of the equation 

It is perhaps needless for me, after what has been said in 
Chap. VIII. Arts. 4 and 5, to add that I regard the argument 
as unsound. Analytically such questions depend upon the 
following, viz. whether in the proper sense of the term limit, 
we can regard sin x and cos x as tending to the limit 0, when 
X tends to become infinite. 

5. When together with A^^ and A^ one only of the inde- 
pendent variables, e.g. a?, is involved, or when the equation 
contains both the independent variables, but only one of the 
operative symbols A^^, A^, the same principle of solution is 
applicable. A symbolic solution of the equation 

i^(a;, A„ A,)w = 

will be found by substituting A^ for a and converting the 
arbitrary constant into an arbitrary function of y in the solu- 
tion of the ordinary equation 

F(x^ Aa,, a) w = 0. 
And a solution of the equation 

jF(a?,y,A,)=0 

will be obtained by integrating as if y were a constant, and 
replacing the arbitrary constant, as before, by an arbitrary 
function of y. But if a?, y, A^, and A^ are involved together, 
this principle is no longer applicable. For although y and 
Ay are constant relatively to x and A^., they are not so with 
respect to each other. In such cases we must endeavour by 
a change of variables, or by some tentative hypothesis as to 
the form of the solution, to reduce the problem to easier 
conditions. 

The extension of the method to the case in which the 
second member is not equal to involves no difficulty. 

Ex. 4. Given t^«,y — iC2*«_i,y_i = 0. 
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Writing u for u^. ^ the equation may be expressed in the 
form 

u^xD^-'^-'u^Q (1). 

Now replacing i>/^ by a, the solution of 

u — axD^^u = or u^-'OxUg^^^O 
is Cfc(a? — 1) ... l.a*. 

Wherefore, changing a into i)/^, the solution of (1) ia 

= aj(a;-l)... l.(i>,--)<^(y) 
= 0? (a; — 1) ... 1.0 (y —a;). 

6. Laplace has shewn how to solve any linear equation in 
the successive terms of which the progression of differences is 
the same with respect to one independent variable as with 
respect to the other. 

The given equation being 

Ag.y, B^yy &c., being functions of a; and y, let y = a; — ^; 

then substituting and representing w«,yhyt?a., the equation 
assumes the form 

Xq, Xj ... X being functions of x. This being integrated, k is 
replaced by a? — y, and the arbitrary constants by arbitrary 
functions oix — y. 

The ground of this method is that the progression of dif- 
ferences in the given equation is such as to leave x^ y un- 
affected, for when x and y change by equal differences as — y 
is unchanged. Hence if aj — y is represented by k and we 
take X and k for the new variables, the differences now having 
reference to x only, we can integrate as if A; were constant. 

Applying this method to the last example, we have 
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t?a, = ca? (a; — 1) ... 1, 
Ug.y = x{x— 1) ... 1 . ^ (a? — y), 

which agrees with the previous result. 

The method may be generalized. Should any linear func- 
tion of X and y, e.g. a? + y, be invariable, we may by assum* 
ing it as one of the independent variables, so to speak reduce 
the equation to an ordinary equation of differences; but 
arbitraiy fanctions of the element in question must take the 
place 01 arbitrary constants. 

Ex. 5. Given u^^^ -pu^i.y^i - (1 -i?) '^x-uv^ri = ^• 
Here x + y Ib invariable. Now the integral of 



IS Vj,==C + C 



(W- 



Hence, that of the given equation is 

7. Equations of partial differences are of frequent oc- 
currence m the theory of games of chance. The following is 
an example of the Kind of problems in which they present 
themselves. 

Ex. 6. A and B engage in a game, each step of which 
consists in one of them winning a counter from the other. 
At the commencement, A has x counters and B has y counters, 
and in each successive step the probability of -4's winning a 
counter from B is p, and therefore of B's winning a counter 
from A, 1 —p. The game is to terminate when either of the 
two has n counters. What is the probability of ^'s win- 
ning it ? 

Let u^^y be the probability that A will win it, any positive 
values being assigned to x and y. 
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Now -4's winning the game may be resolved into two 
alternatives, viz. Ist, His winning the first step, and after- 
wards winning the ^ame. 2ndly, His losing the first step, 
and afterwards winning the game. 

The probability of the first alternative is pu^^^^ ^^j, for after 
^'s winning the first step, the probability of which is », 
he will have a; + 1 counters, B^y — \ counters, therefore tne 
probability that A will then win is u^^^^. Hence the pro- 
bability of the combination is 2?Wx+i.y-i' 

The probability of the second alternative is in like manner 

(I -p) ^'x-i.m- 

Hence, the probability of any event being the sum of the 

Erobabilities of the alternatives of which it is compost, we 
ave as the equation of the problem 

^x.,,=Pw^it(-i + (l-p)^-i.m (1), 

the solution of which is, by the last example. 

It remains to determine the arbitrary functions. 

The number of counters oj + y is invariable through the 
game. Represent it by w, then 



'^x^U 



Wx, 






Now -4's success is certain if he should ever be in possession 
of n counters. Hence, if a? = w, u^^y=l. Therefore 



i=^(m) + (i-^)VH. 



p 

Again, A loses the game if ever he have only m^n 
counters, since then B will have n counters. Hence 



/I ^\ w-n 
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1 — » 

The last two equations give, on putting P= — ^ , 

__ "pm-n 1 

whence 

_ j,«-^_(l-y)n-> 

2».-x-v _ /| __ \2n-ar-y \^)i 

which is the probability that A will win the game. 

Symmetry therefore shews that the probability that B will 
win the game is 

{x-pT-'-f-' . 

and the sum of these values will be found to be unity. 

The problem of the * duration of play' in which it is 
proposed to find the probability that the game conditioned 
as above will terminate at a particular step, suppose the r***, 
depends on the same equation of partial differences, but it 
involves great difiiculty. A very complete solution, rich in 
its analytical consequences, will be found in a memoir by the 
late Mr Leslie Ellis ( Camhridge Mathematical Journal^ Vol. 
IV. p. 182). 

Method of Generating Functions. 

8. Laplace usually solves problems of the above class 
by the method of generating functions, the most complete 
statement of which is contained in the following theorem. 

Let u be the generating function of Wto,**...? so that 

u = ^w^,n ... ^ y • • • > 

then making cc = e^, y = e^' &c., we have 

d d 



^^U' 






= 2{-»<^Kn...)«^.,^...}e-''^"'- (1). 
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Here, while 2 denotes summation with respect to the 
terms of the development of w, 8 denotes snminatioii with 
respect to the operations wliich would constitute the first 
member a memhier of a linear differential equation, and the 
bracketed portion of the second member a member of an 
equation of differences. 

Hence it follows that if we have a linear equation of dif- 
ferences of the form 

8<f) (wi, w ...) w^,,^^.„ = (2), 

the equation (1) would give for the general determination of 
the generating function u the linear differential equation 

d d 



^*(^'^->"^'- = ^ (^)- 



But if there be given certain initial values of u^^^ which 
the equation of differences does not determine, then, cor- 
responding to such initial values, terms will arise in the 
second member of (1) so that the differential equation will 
assume the form 

S<f>{^0, ^.'■■)^''"-u = F{m,n..,) (4). 

If the equation of differences have constant coefficients the 
differential equation merges into an algebraic one, and the 
generating function will be a rational fraction. This is the 
case in most, if not all, of Laplace's examples. 

It must be borne in mind that the discovery of the 
generating function is but a step toward the solution of 
the equation of differences, and that the next step, viz. the 
discovery of the general term of its development by some 
independent process, is usually far more difficult than the 
direct solution of the original equation of differences would 
be. As I think that in the present state of analysis the 
interest which belongs to this application of generating func- 
tions is chiefly historical, I refram from adding examples. 
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Equations of mixed differences. 

9. When an equation of mixed diflferences admits of re- 
solution into an equation of simple differences and a differen- 
tial equation, the process of solution is obvious. 

Ex. 7. Thus the equation 

A -1 — a^u — J -T- + ohu = 
ax ax 

being presented in the form 

d 



(^-a)(A.5). = 0, 



the complete value of u will evidently be the sum of the 
values given by the resolved equations 

du 

- — aw = 0, ^u — hu^ 0. 

Hence 

where c^ is an absolute, c^ a periodical constant. 

Ex. 8. Again, the equation Ay = x-r-Ay+ l-j- Ay j being 
resolvable into the two equations, 

dz /dz\* 

we have, on integration, 

z = cx + c'y 

where c is an absolute, and G a periodical constant. 

B. F. D. ^-^ 
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Equations of mixed differences are reducible to differential 
equations of an exponential form by substituting for D^ or 

A, their differential expressions c*', c*"— !• 
Ex. 9. Thus the equation Att— -5- = becomes 



4k 



d\ 



and its solution will therefore be 

the values of m being the different roots of the equation 

€"*-l-m = 0, 

10. Laplace's method for the solution of a class of partial 
differential equations {Diff, Equations, p. 440) has been ex- . 
tended by Poisson to the solution of equations of mixed dif- 
ferences of the form 

^+L^+Mu^^^Nu,= V (1). 

where L, My N, V are functions of x. 

Writing u for u^g, and eicpressing the above equation in the 
form 

4-Du + l4-u + MDu + Nu= F, 
dx ax 

it is easily shewn that it is reducible to the form 

{^+^) [D + L) u+ {N^LM^L) w= F, 

JT 

where L'^-^ « Hence if we have 

N^LM^L^Q ...,(2), 
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the equation becomes 

{^ + m){D + L)u=V, 

which is resolvable by the last section into an equation of 
mixed differences and a differential equation. 

Sut if the above condition be not satisfied, then, assuming 

{P-^L)u = v (3), 

we have 

whence 



u = 



N-LM-L 



(4), 



frhicli is expressible in the form 

Substituting this value in (3) we have 



X9 



+ {LB,-l)v, — C^,-LC. 
which, on division hy A^^, is of the form 

The original form of the equation is thus reproduced with 
altered coefficients, and the equation is resolvable as before 
into an equation of mixed differences and a differential equa- 
tion, if the condition 

N,--L,M^^L^^O (5) 

is satisfied. If not, the operation is to be repeated. 
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H 

An inversion of the order in which the efymbols -r- and 

D are employed in the above process leads to anoth^ reduc- 
tion similar in its general character. 

Presenting the equation in the form 

where M_^^ = It^M^ its direct resolution into an equation of 
mixed differences and a differential equation is seen to involve 
the condition 

JVr-.iJlf^=0 (6). 

If this equation be not satisfied, assume 

and proceeding as before a new equation similar in form to 
the original one will be obtained to which a similar test or 
that test failing, a similar reduction may again be appUed. 

Ex. 10. Given —^ "^ ^ "^ (^ - ^) ^«+i"' ^^"*^«= 0. 

This is the most general of Poisson's examples. Taking 
first the lower sign we have 

i = — a, Jf=a;— w, JV= — oa?. 

Hence the condition (2) is not satisfied. But (3) and (4J 
give 

(D — a) w = V, 

dv , . 

M = , 



whence 



{D-aY 



an 

%+{x-n)v 
an 



I 
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or, on reducing, 

Comparing this with the given equation, we see that n 
reductions similar to the above will result in an equation of 
the form 

which, being presented in the form 

is resolvable into two equations of the unmixed character. 

Poisson's second reduction applies when the upper sign is 
taken in the equation given ; and thus the equation is seen 
to be integrable whenever n is an integer positive or nega^ 
tive. 

Its actual solution deduced by another method will be 
given in the following section. 

11. Equations of mixed differences in whose coefficients x 
is involved only in the first degree admit of a symbolical 
solution founded upon the theorem 

L + f (^)r X= e* ^) x^ f*^^ X » (1). 

[Differential Equations^ p. 445.) 

The following is the simplest proof of the above theorem. 
Since 



^(^)^=^(^+^)^' 



fj' if 

if in the second member -j- operate on x only, and -j- on u, 

we have, on developing and effecting the differentiations which 
have reference to oj, 
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Let 









or if '^ r^ J be replaced by e* ^^' , 



Inverting the operations on both sides, which involves the 
inverting of the order as well as of the character of successive 
operations, we have 

the theorem in question. 

Let us resume Ex. 10, which we shall' express in the 
form 



du. 



du. 



**■* — a ^7"^* + (a; + n)WaM.i—<w?w« = 



(«), 



dx ^ dx 
n being either positive or negative. Now putting u for w. 



{: 



^ (e-^-a) +ne*'|M + x (e^'-a) m = 0. 



Let 
then we have 



{f-a)u = z, 



1^ +«€* (e*'-a)4 e + xz = 0. 
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Hence, 



e^-a 






( d ne" \ * 



€ —a 
and therefore by (1), 

= (€^-a)*€*^^^)V€"*^^)'(€^-arO (5). 

It is desirable to transform a part of this expression. 
By (1), we have ^ 



(, + ^)-'=e*^-)Ve-i(^)', 



and by another known theorem, 



(l-)--'-(S 



6*-^. 



The right-hand members of these equations being sym- 
bolically equivalent, we may therefore give to (J) the form 



z 



= (e- - a)- e-T [^ ^T (e« - a)"" (c). 



<i 



Now M = (e** — a)"* 2, therefore substituting, and replacing 
e^ by D, 

u = {p-a)^^-*{^'^ {D-arO (A). 

Two cases here present themselves. 
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First, let n be a positive integer ; then since 

{D - a)~" = a* (Cq + CjO; ... 4- c^ja;**"^), 

(i?-a)*-'=(A + l-arS 
we have 

t^= (A 4- 1 -a)""'€'"« {0 + /€» a' (c^ + c^x ... + Cn.ia;*"i) do;} 

W, 

as the solution required. 

This solution involves superfluous constants. For integrat- 
ing by parts, we have 

and in particular when r = 1, 

/e* (fxdx = 6« a^-floga/e^ a*da?. 

These theorems enable us, r being a positive integer, to 
reduce the above general integral to a linear function of 

the elementary integrals Je^d'dx, and of certain algebraic 

terms of the form 6» a^a;**, where m is an integer less 
than r. 

Now if we thus reduce the integrals involved in (eZ), it will 
be found that the algebraic terms vanish. 

For 

(A + 1 -a)"-'e"^ {e'^a'x'^) = (A+ 1 -a)*-^a'a;'" 

rsa'^'^A^-^a;"* 
= 0, 
since m is less than r, and the greatest value of r is w — 1. 

It results therefore that {d) assumes the simpler form, 
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and here CJ, introduced by ordinary integration is an absolute 
constant, while (7^ introduced by the performance of the 
operation S is a periodical constant. 

A superfluity among the arbitrarjr constants, but a super- 
fluity which does not affect their arbitrariness, is always to be 
presumed when the inverse operations by which they are in- 
troduced are at a subsequent stage of the process of solution 
followed by the corresponding direct operations. The parti- 
cular observations of Chap. xvii. Art. 4. {Differential 
Equations) on this subject admit of a wider application. 

Secondlyj let w be or a negative integer. 

It is here desirable to change the sign of n so as to express 
the given equation in the form 

du^ du f . 

-j^ — a -J- + (a; — w) Wj — aacu = 0, 

while its symbolical solution {A) becomes 



And in both w is or a positive integer. 



Now since {B — a)* = 0, and \-^\ = (7, we have 



But here, while the absolute constant C^ is arbitrary, the 
w + 1 periodical constants c,,, c^ . . . c^ are connected by n relations 
which must be determined by substitution of the above unre- 
duced value of u in the given eqiiation. 
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The general expression of these relations is somewhat com- 
plex; but in any particular case they may be determined 
without difficulty. 

Thus if a s= 1, n= 1, it will be found that 
If a = 1, w = 2, we shall have 

and so on. 

The two general solutions may be verified, though, not 
easily, by substitution in the original equation. 

12. The same principles of solution are applicable to 
equations of mixed partial differences as to equations of par- 
tial differences. If A, and -^ are the symbols of pure 

operation involved, and if, replacing one of these by a con- 
stant w, the equation becomes either a pure differential equa- 
tion or a pure equation of differences with respect to the 
other, then it is only necessary to replace in the solution 
of that equation m by the symbol for which it stands, to 
effect the corresponding change in the arbitrary constant, and 
then to interpret the result. 

Ex. 11. A-W — a-r;- = 0. 

Eeplacing -7- by m, and integrating, we have 

w = c (1 + am)*. 
Hence the symbolic solution of the given equation is 



-°-(|-^5)'*M 



= a'e--(|)e"^(^). 



<dy 
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=-'^""(|T^^)' 



^ Cy) teing an artitrary function of y. 
Ex. 12. Given w^^.y - ^ w^.y = F,.„. 

Treating ^ as a constant, the symbolic solution is 

«.-(ir^(i)>...-(i)v«. 

S having reference to x. No constants need to be introdnced 
in performing the integrations implied by (-y-) . 






w- 



Ex.13, Given w^-3a?-J±^ + 2a? (a;-l)-^ = 0. 
Let «,= 1 . 2 ... (« — 2) v„ then 



«^- 3 ^' + 2^=0, 



whence by resolution and integration 

«.= 1.2...(.-2)|(|)V(2,) + 2«(|)V(2.)}. 



t?w^^, ^ c? V 



r2. 



Ex. 14. u^ - ^^^+ ^ ^ " ^' ^^®^^ ^ ^® * function 
of a; and y. 
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Here we have 

{l..--8i..| + .(|)]..= r; 

"dyX dy) \ dy) dy\dy) yly) 

The complementary part of the value of u introduced by 
the performance of S will evidently be 

^(|)'*w+(|)+w- 

But in particular cases the difficulties attending the reduc- 
tion of the general solution may be avoided. 

Thus, representing Fby F,, we have, as a particular solu- 
tion 

dV d^V 

which terminates if V^ is rational and integral with respect to 
y. The complement must then be added. 

Thu9 the complete solution of the given equation when 

V^F{x)^y, 



IS 



w = i^(a:-2)+y + 3 + 2'(|^y^(y) + (|^)V(y). 
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Simultaneous Equations. 

13. Whether the equation be one of ordinary diflferences, 
or of mixed diflferences, the principle of the method of solution 
is the same. We must, by the performauce of the operations 

A, and -r- , obtain a system of derived equations sufficient to 

enable us by elimination to deduce a final equation involving 
only one of the dependent variables with its diflferences or 
diflferentials. The integrations of this will give the general 
value of that variable, and the equations employed in the pro- 
cess of elimination will enable us to express each other 
dependent variable by means of it. If the coefficients are 
constant we may simply separate the symbols and eflfect the 
eliminations as if those symbols were algebraic. 

Ex. 15. Given w^^ — a'ajv^, = 0, v^^^ — ict^^. = 0. 

From the flirst we have 

t*^,-a'(a?+l) Vi = ^- 
Hence, eliminating v,^^ by the second, 

^«+a ■" ^'^ (^ + 1) w» = 0, 
the solution of which is 

tt,= 1.2...(a?-l){(7,a*+(7,(-a)'}. . 

Then by the first equation 

a jc u 

Ex. 16. Given Wa44+2r^j— 8w. = a*, 

Separating the symbols 

J)u,-{D'-2)% = -a'. 
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Eliminating v, and reducing 
The complete integral of which is 






+ (^o + ^^i^) 2*+ (c, + c^) (-2)*. 
Moreover by the first of the given equations 



2 



EXEECISES. 

1. Integrate the simultaneous equations 

w«^.^-v. = 2m(a;+l) (1), 

^«^fl-^*» = -2w(a;+l) (2). 

2. Integrate the system w^^+i + (— l)*v« = 0, 

3. Integrate the system v^^^ — w, = (Z — m) a?, 

4. Integrate A^.^^^^ ~ ^ X ^*.» ~ ^* 

6. w»,i^-«*».y+i=a+y. 

7* **»fbW4l""^iP,f=^ • 
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8. Determine Ug^^ from the equation 

where A affects x only ; and, assuming as initial conditions 

shew that 

where Ay \ and fi are constants {Camhridge Problems). 
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CHAPTER XL 

OP THE CALCULUS OP FUNCTIONS. 

1. The Calculus of Functions in its purest form is dis- 
tinguished by this, viz. that it recognises no other operations 
than those which are termed functional. In the state to 
which it has been brought, more especially by the labors of 
Mr Babbage, it is much too extensive a branch of analysis to 
permit of our attempting here to give more than a general 
view of its objects and its methods. But it is proper that it 
should be noticed, 1st, because the Calculus of Finite Differ- 
ences is but a particular form of the Calculus of Functions ; 
2ndly, because the methods of the more general Calculus are 
in part an application, in part an extension of those of the 
particular one. 

In the notation of the Calculus of Functions, <f>{'^{x)} is 
usually expressed in the form <^^, brackets being omitted 
except when their use is indispensable. The expressions 
<^<^, ^(fxjyx are, by the adoption of indices, abbreviated into 
<l>^x, <l>^x, &c. As a consequence of this notation we have 
ijy^x = X independently of the form of <^. The inverse form 
(fr^ is, it must be remembered, defined by the equation 

<f><fr^ x^x (1). 

Hence <^~* may have different forms corresponding to the 
same form of j>. Thus if 

<^ = aj* + ax, 
we have, putting <f>x = t, 

^ = 9 ^ = 2 ' 

and ^"^ has two forms. 
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The problems of the Calculus of Functions are of two 
kinds, yiz. 

1st. Those in which it is required to determine a func- 
tional form equivalent to some known combination of known 
forms ; e. g. from the form of y^ to determine that of yjr^x. 

2ndly. Those which involve the solution of functional 
equations, i.e. the determination of an imknown function 
from the conditions to which it is subject, not as in the pre- 
vious case from the known mode of its composition. 

We may properly distinguish these problems as direct and 
inverse. Problems will of course present themselves in which 
the two characters meet. 



Direct Problems, 

2. Given the form of ^Itx, required that of '^*aj. 

There are cases in which this problem can be solved by 
successive substitution. 

Ex. 1. Thus, if -^ = a?", we have 

^fnlrx = {xy = af\ 
and generally 

Again, if on determining yfr^x, yfr^x as far as convenient it 
should appear that some one of these assumes the particular 
form a?, all succeeding forms will be determined. 

Ex. 2. Thus if yjrx = 1 — a?, we have 

yfr^x = 1 — (1 — aj) = aj. 

Hence y^*x = 1 — a? or a? according as w is odd or even. 

Ex. 3. If ylrx = , we find 

1 •— a? 

ylr^x = , 'Jr'a; = a?. 

^ a? ^ 

B. F. D. ^^ 
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1 aj — 1 
Hence ylr^x = a;, :; or according as on dividing 

1 -—x X ° 

n by 3 the remainder is 0, 1 or 2. 

Functions of the above class are called periodic, and are 
distinguished in order according to the number of distinct 
forms to which -^"a: gives rise for integer values of n. The 
function in Ex. 2 is of the second, that in Ex. 3 of the third, 
order. 

Theoretically the solution of the general problem may be 
made to depend upon that of an equation of differences of the 
first order. For assume 



f-aj = ^„ t a^ = U (2). 

Then, since '^*"^^a? = yln^^x, we have 

^•+1 = ^(0 (3). 

The arbitrary constant in the solution of this equation may 
be determined by the condition i^ = ^jrx, or by the still prior 
condition 

t^ = ylr'x = x (4). 

It will be more in analogy with the notation of the other 
chapters of this work if we present the problem in the form : 
Given yjrt, required yfr% thus making x the independent vari- 
able of the equation of differences. 

Ex. 4. Given -^^ = a + bt, required '\jr''t. 
Assuming -^^i = w^? we have 

the solution of which is 
Now Uq = ^Ir^t = tj therefore 



I 
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Hence detenninlng c we find on substitution 

u^ = aj--Y + i'^ (5), 

the expression for '>^'t reqtdred. 

Ex. 5. Given yjrt = t—- , required y^% 

Assuming y^"t = u„ we have 

a 



or w»w^i + iw^i = «. 

This belongs to the third of the forms treated in Chap. vii. 
Art. 9. Assume therefore 

then Vj^ — Sva;+i — «Va, = 0, 

the solution of which is 

a and /8 being the roots of the equation 

wi* — iw — a = 0. 

Hence u^^^ — ^ »^ 6; 

or, patting C for -* and a + ^ for h, and reducing, 

««=-«P a' + Qy W. 

Now M, = ■^"^ =s «, therefore 



t = -aP 



1 + C 



j8 + (7a 
l + C ' 



14^-1.' 
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whence (7= — -— -^ : 

t + a 

and, substituting in (6), 

the expression for yfr't reqtdred. 



a 



Since in the above example ^|rt = 7 — -, we hove, by direct 

substitution, 

.a. _ a _ a 

and continuing the process and expressing the result in the 
usual notation of continued fractions, 

the number of simple fractions being x. Of the value of this 
continued fraction the right-hand member of (7) is therefore 
the finite expression. And the method emploj-ed shews how 
the calculus of finite difierences may be apphed to the finite 
evaluation of various other functions involvmg definite repe- 
titions of given functional operations. 

Ex. 6. Given '^< = -, required ^Ir't. 

C -J" €t 

Assuming as before ^Ir't = w^^, we obtain as the equation of 
diflferences 

eu^^x+i + cux+i -hu^-a^O (8), 

and applying to this the same method as before, we find 

^ a'^+C^' c .^. 

^*" a^'+C^ e Wi 

a and fi being the roots of 

e^m^-'{h + c) em + hc — ae^^O (10); 



■"'•*^»v». 



\ 
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and in order to satisfy the condition u^= t,. 

When a and /8 are imaginary, the exponential forms must 
be replaced by trigonometrical ones. We may, however, so 
integrate the equation (8) as to arrive directly at the trigono- 
metrical solution. 

For let that equation be placed in the form 
Then assuming w^; = ^« + -5 — > ^^ tave 

or tJ^^ + I^K^-t.)+J^ = (12), 

,. , b + c , bc — ae (b + c)* ,,-v 

mwluch /* = -i; — , J^ = — 5 ^ 7, (13). 

Hence i^^h^ = - - , 

or, assuming- 1^ = vs, 



be-<ui 



X^ 



^x^l-^x _-V 



the integral of which is 

= tan ( (7— X tan"^ - ] . 
But t^=^v8„ and Ug==t„ + fi, where 



«, 



l^^-T^T (14)- 



2e 

Hence Wa, = i/tan((7— a?tan"^-J + /A' (15), 

the general integrals 
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Now the condition 11^= t gives 

2 = 1' tan C+ fi. 
Hence determining C we have, finally, 

Af^( = vtan^tan"'^^^-a!tan"'-j + /i' (16 

for the general expression of -^i. 
This expression is evidentlj reducible to the form. 
A + Bt 
C+Et' 
the coefficients A, B, C, E being functions of a^ 

Reverting to the exponential form of -^'t ^ven in (9 
appears from (10) that it is real if the function 

(& + c)* hc--as 

"? * «■ 

is positive. But this is the Bame as — 41^. The trig( 
metrical solution therefore applies when the expreasiou re 
sented hj 1^ is poaitiTe, the exponential one when i 






In the case of v = the equation of di^rences (12) beco 

M„, + /*((«, -0=0. 

j_ i^i_ 
°^ („j ~ *, /I ' 

the integral of which is 

f /* 

Detramining the constant aa before we ultimately get 

^'= ''^^^" (") 

a result which may also be deduced from the trigonometr 
solution by the method f«oper to indeterminate mQcti<nuu 
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Periodical Functions. 

3. It is thus seen, and it is indeed evident a priori, that 
in the above cases the form of '^'t is similar to that of '^t^ 
but with altered constants. The only functions which are 
known to possess this property are 

and af. 

c + et 

On this account they are of great importance in connexion 
with the general problem of the determination of the possible 
forms of periodical functions, particular examples ot which 
will now be given. 

Ex. 7. Under what conditions is a + i^ a periodical func- 
tion of the x^ order? 

By Ex. 4 we have 

and this, for the particular value of a; in question, must 
reduce to L Hence 

&* — 1 
«J^=^' *' = !' 

equations which require that b should be any a?* root of unity 
except 1 when a is not equal to 0, and any x^ root of unity 
when a is equal to 0. 

Hence if we confine ourselves to real forms the only pe- 
riodic forms oi a + bt SLTG t and a — t, the former being of 
every order, the latter of every even order, w 

Ex. 8. Required the conditions under which is a 

c "T" ez 

periodical function of the a;**^ order. 

In the followinff investigation we exclude the supposition of 
6 s= 0, which merely leads to the case last considered. 
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Making then in (16) '^'t = ty we have 



« = /iA' + vtan^tan''?— ^-ajtan"*-V...^ ^(18), 



or 



= tan (tan"* ^ — ajtan"*-) , 



an equation which, with the exception of a partiexdar case to 
be noted presently, is satisfied by the assumption 



X tan * - = tTT, 
t being an integer. Hence we have 

- =tan — (19), 

or, substituting for v and /i their values from (13), 

{b + cY a;' 

whence we find 

7 9 ^7 2/7r « 

^ — r-rt- » 

4a cos — 

X 

The case of exception above referred to is that in which 
1/ = 0, and in which therefore, as is seen from (19), i is a mul- 
tiple of X, For the assumption v = makes the expression for 
t given in (18) indeterminate, the last term assuming the form 
X 00 . If the true limiting value of that term be found in 
the usual way, we shall find for t the same expression a.s was 
obtained in (17) by direct integration. But that expression 
would lead merely to a? = as the condition of periooicity, a 
condition which however is satisfied by all functions what- 
ever, in virtue of the equation ^^t = t 

The solution (9) expressed in exponential forms does not 
lead to any condition of periodicity when a, 5, c, e are seal 
quantities. 
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We conclude that the conditions under which , when 

c + et 

not of the form A + Bt, is a periodical fo>nction of the x^ order ^ 

are exmessed hy (20), i being any integer which is not a 

multiple of X*. 

4. From any riven periodical ftinction an infinite number 
of others may be deduced by means of the following theorem. 

Theorem. If ft be a periodical function, then ^^"*^ is also 
a periodical function of the same order. 

For let ^fi^'H = yjrt, 

then i|r«< = <l>f<l>'W^~'^ 

And continuing the process of substitution 

r^ = <i>r<i>~'t' 

Now, it ft be periodic of the n*** order, ft=it, and 

Hence -^"^ = <j>^~H = t. 

Therefore yfrt is periodic of the n^^ order. 

Thus, it being given that 1 — ^ is a periodic function of t of 
the second order, other such functions are required. 

Represent 1 — thy ft. 

Then i£ ^t=f, 

<f>f<frH={l--^ty. 

If 6« = V<, 

<l>f<f>-H = (1 - e)K 

These are periodic functions of the second order; and the 
number might be indefinitely multiplied. 

The system of functions included in the general form 
<l>fi>~^t have been called the derivatives of the function^. 

♦ I am not awaie that the limitation upon the integral values of i has been 
noticed before. 
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Functional Equations, 

5. The most general definition of a functional equation 
is that it expresses a relation arising from the forms of 
functions ; a relation therefore which is independent of the 
particular values of the subject variable. The object of the 
solution of a functional equation is the discovery of an un- 
known form from its relation thus expressed with forms which 
are known. 

The nature of functional equations is best seen from an 
example of the mode of their genesis. 

Let f{Xy c) be a given function of x and c, which con- 
sidered as a fonction of a;, may be represented by ^, then 

^ =/(«?, c), 

and changing x into Buy given ftmction ^Irx, 

i)ylrx=f{yjrx,c). 

Eliminating c between these two equations T^e have a result 
of the form 

F {x, ^x, <t>yjrx) =^ (1). 

This is a functional equation, the object of the solution of 
which would be the discovery of the form ^, those of jPand ^ 
being given. 

It is evident that neither the above process nor its result 
would be affected if c instead of being a constant were a func- 
tion of X which did not change its form when x was changed 
into '^frx. Thus if we assume as a primitive equation 

<l>{x)^cx + - (a), 

and change x into — x, we have 

^ (— ic) = — cau + - . 

Eliminating c we have, on reduction. 
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a functional equation of which (a) constitutes the complete 
primitive. In that primitive we may however interpret c 
as an arbitrary even function of a?, the only condition to 
which it is subject being that it shall not change on chang- 
ing X into — X, Thus we should have as particular solu- 
tions 

^{x) = a? cos X + 



cos a; 



these being obtained by assuming c = cos x and oj* respectively. 

Equations of differences are a particular species of func- 
tional equations, the elementary functional change being that 
of X into a; 4- 1. And the most general method of solving 
functional equations of all species, consists in reducing them 
to equations of differences. Laplace has given such a method, 
which we shall exemplify upon the equation 

F{x, tf^, <AX^) = (2), 

the forms of ^jr and x being known and that of ^ sought. But 
though we shall consider the above equation under its general 
form, we may remark that it is reducible to the simpler form (1). 
For, the form of ^jr being known, that of ^ft'^ may be presumed 
to be known also. Hence if we put ^lrx = z and ;^~^« = yjr^Zy 
we have 

and this, since ^jr'^ and ^ft^ are known, is reducible to the 
general form (1). 

Now resuming (2) let 

Hence Vg and tu being connected by the relation 

Vt^^u, (4), 

the form of ^ will be determined if we can express t;| as a 
function otu^. 
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Now the first two equations of the system give <m eUmi- 
natiiig X an equation oi differences of the form 

<^=A (5), 

the solution of which will determine w„ therefore yprXy there- 
fore, by inversion, a; as a function of t. This result, together 
with the last two equations of the system (3) will convert the 
;iven equation (2) into an equation of differences of the 
rst order between t and v< , the solution of which will deter- 
mine t;< as a function of t, therefore as a function of u^ since 
the form of u^ has already been determined. But this deter- 
mination of Vf as a function of u^ is equivalent, as has been seen, 
to the determination of the form of ^. 

Ex. 9. Let the given equation be {mx) — o^ (x) =? 0. 

Then assuming 

X = tt„ mx = ««^| 
i> (a?) = Vt, ^ {mx) = v^J ^^^' 

we have from the first two 

the solution of which is 

w,= CWi' (5). 

Again, by the last two equations of (a) the given equation 
becomes 

Vt+i - av, = 0, 

whence 

v,=^C'a* (c). 

Eliminating t between (J) and (c), we have 

logu^-logC 

v^ = C'a ioi» . 

iQgC 

Hence replacing w, by x, v^ by ^, and Ca"i<«"» by C^, we 
have 

log* 
^= OjOloK"* ....^... {d)^ 
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And here C^ must be interpreted as any function of x vfinxAi 
does not change on changing x into mx. 

If we attend strictly to the analytical origin of C^ in the 
above solution we should obtain for it the expression 

«. + o.cos (2^ ^) +a,C08 (4,r J^) +&C. 

^09 ^i> ^1' ^^* ^^^g absolute constants. But it suffices to 
adopt the simpler definition given above, and such a course 
we shall follow in the remaining examples. 

Ex.10. Given 0(^3^) -«^(») =0- 

Assuming 

_ l4-a; _ 



0(aj)=t?„^(j^j = t;^,, 



we have 



_ l+^e 
^* 1 — W/ 



or w,w^.j — w^j + Wj + 1 =0. 

The solution of which is 

w< = tan [G-\'-j t\ . 
Again we have 

whence 

r, = G'a\ 

Hence replacing w, by x, v< by ^ (a?), and eliminating t, 



^ (a?) = Cjci 



4 

9 



or 
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G^ being any function of x which does not change on chang- 

. . l+x 
ing a? into Y— ^ . 

6. Linear functional equations of the form 
^*a; + Oi^'f*'*a; + «9^'f*"*a?... + ««^(a?)=X (6), 

where '^ {x) is a known function of a?, may be reduced to 
the preceding form. 

For let TT be a symbol which operating on any function 
4^{x) has the effect of converting it into ^fi^{x). Then the 
above equation becomes 

TT*^ (a?) + ay~^^ (a?) . .. + a^^ (a?) = X, 

(tt* + a.TT"'' ... + a^ ^{x)^X (7). 

It is obvious that ir possesses the distributive property 
expressed by the equation 

TT (u + v) = TTl* + TTV, 

and that it is commutative with constants so that 

irau = aim. 

Hence we are permitted to reduce (7) in the following 
manner, viz. 

= {iV;(7r-mJ-^ + JV;(7r-7n,)-\..}X (8), 

jTij, wi, ... being the roots of 

m* + ajw""^..+a^ = (9), 

and N^yN^ ... having the same values as in the analogous 
resolution of rational fractions. 



Now if {tt "-mY^ X=^ ^ (a?), we have 

(tt — m)^(aj) =X, 
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or ijyy^ {x) — m^ (a?) = X, 

to which Laplace's method may be applied, 

Ex. 11. Given ^ (m'a?) + a<f> {mx) + h<f> {x) = x\ 

Representing by a and j8 the roots of a:* + aa? + J = 0, the 
solution is 

(7 and C* being functions of x unaffected by the change of x 
into Tifix, 

Here we may notice that just as in linear differential 
equations and in linear equations of differences, and for the 
same reason, viz. the distributive character of the symbol tt, 
the complete value of ^ (a?) consists of two portions, viz. of 
any particular value of ^ (a?) together with what would be its 
complete value were X = 0. This is seen in the above 
example. 

7. There are some cases in which particular solutions of 
functional equations, more especially if the known functions 
involved in the equations are periodical, may be obtained 
with great ease. The principle of their solution is as 
follows. 

Supposing the given equation to be 

J^(a;, ^a;,<^n|raj)=0 (10), 

and let -^ be a periodical function of the second order. 
Then changing x into '^^ and observing that '>^^x = a?, we 
have 

jP(i/ra;, <l>'>^, ^) = (11). 

Eliminating <f>'^x the resulting equation will determine ^ 
as a function of x and -^a?, and therefore since '^ is supposed 
known, as a function of x. 

If -^ is a periodical function of the third order, it would 
be necessary to effect the substitution twice in succession, and 
then to eliminate A^ra:, and ify^^x) and so on according to 
the order of periodicity of '^x. 
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1 —a? 
Ex. 12. Given (<^)' <f> = cfx. 

1 —X . 

The function is periodic of the second order. Change 

1 — X 

then X into :; , and we have 

1 +x 



(^1^1)**^='^ IT 



— a? 
a; 



1 —a? 

Hence, eliminating ^ , we find 

X "7" a? 



^=«*^'(r$|) 



as a particular solution. (Babbage, Examples of FunctUmal 
Equations^ p. 7). 

This method fails if the process of substitution does not 
yield a number of independent equations sufficient to enable 
us to efiect the elimination. Thus, supposing '^ a period- 
ical function of the second order, it fails for equations of the 
form 

jP(^, ^^) = 0, 

if symmetrical with respect to ^ and ^^. In snch cases 
we must either, with Mr Babbage, treat the given equation 
as a particular case of some more general equation which is 
unsymmetrical, or we must endeavour to solve it by some 
more general method like that of Laplace. 

Ex. 13. Given 

This is a particular case of the more general equation 

{<f>xy + m\(f>i^- xY^^l + nxxj 

m and n being constants which must be made equal to 1 and 
respectively, and ^x being an arbitrary function of x. 
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Changing x into -r — a?> we have 

Eliminating ^ ( « - a?) from the above equations, we find 
Therefore 

Now if m become 1 and n become 0, independently, the 

ft 
fraction — — 5 becomes indeterminate, and may be replaced 

by an arbitrary constant c. Thus we have 

whence, merging c in the arbitrary ftmction, 

^(a') = {^ + X(«)-x(f-«)} (12). 

The above is in effect Mr Babbage's solution, excepting 
that, making m and n dependent, he finds a particular value 
for the fraction which in tne above solution becomes an arbi- 
trary constant. 

Let us now solve the equation by Laplace's method. Let 
{^ {x)Y = '^, and we have 

Hence assuming 

B. F. D. ^^ 
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we have 
The solutions of which are 



^.=o.(-ir+i 



Hence 



Therefore 



or 



Therefore 



* 4 






in which G must be interpreted as a function of a? which does 

• TT 

not change when x is changed into -^—x. It is in fact an 
arbitrary syraraetricaXfunctiort ofx and -r- — a?. 

The previous solution (12) is included in this. 

For, equating the two values of ^ (a?) with a view to 
determine G, we find 
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TT 
X 



x{^-<^) 



IT IT IT 
X X 

4 2 4 



TT 



which is seen to be symmetrical with respect to x and ^ — a?. 

8. There are certain equations, and those of no incon- 
siderable importance, which involve at once two independent 
variables in such functional connexion that by differentiation 
and elimination of one or more of the functional terms, the 
solution will be made ultimately to depend upon that of a 
differential equation. 

Ex. 14. Kepresenting by P^ {x) the unknown magnitude 
of the resultant of two forces, each equal to P, acting in one 
plane and inclined to each other at an angle 2a;, it is shewn 
by Poisson {Micaniqtte, Tom. I. p. 47) that on certain assumed 
principles, viz. the principle that the order in which forces 
are combined into resultants is indifferent — the principle of 
(so-called) suflScient reason, &c., the following functional 
equation will exist independently of the particular values of 
X and y, viz. 

<l>{x + y) + <l>{x''t/) = <j>{x)^{y). 

Now, differentiating twice with respect to a?, we have 
<l>"{x + y) + j>"{x-y) = j>"{x) j>{y). 

And differentiating the same equation twice with respect 

j>"{x + y) + f (« -y) = ^(a,) f (y). 

Hence £M=£(y) 

15— ^ 
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Thus the value of ^ ^ is quite independent of that of x. 
We may therefore write 

m being an arbitrary constant. The solution of this equa- 
tion is 

<l>{x)=:Ae'^ + B€'^y or <}> {x) == Acoamx + B ainmx. 

Substituting in the given equation to determine A and B, 
we find 

^ (a;) = €"" + €"^, or 2coS7?ia?. 

Now assuming, on the afore-named principle of sufficient 
reason, that three equal forces, each otwhich is inclined to 
the two others at angles of 120^, produce equilibrium, it fol- 
lows that ^ ( — j = 1. This will be found to require that the 

second form of <}> (x) be taken, and that m be made equal to 1. 
Thus ^{x) = 2 cos X. And hence the known law of compo- 
sition of forces follows. 

Ex. 15. A ball is dropped upon a plane with the intention 
that it shall fall upon a given point, through which two per- 
pendicular axes X and y are drawn. Let <f> {x) dx be the 
probability that the ball will fall at a distance between x and 
x + dx from the axis y, and ^ {y) dy the probability that it 
will fall at a distance between y and y + dy from the axis x. 
Assuming that the tendencies to deviate from the respective 
axes are independent, what must be the form of the ranction 
^{x) in order that the probability of falling upon any par- 
ticular point of the plane naay be independent of the position 
of the rectangular axes ? (BLerschel's Essays). 

The functional equation is easily found to be 
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Differentiating with respect to x and with respect to y, we 
have 

Therefore ^ = M^, 

x4> {x) y4> (y) 

Hence we may write 

4>'{x) 



= 2m^ 



x(l> {x) 
a differential equation which gives 

The condition that <f> (x) must diminish as the absolute 
value of X increases shews that m must be negative. Thus 
we have 

<f> {x) = Ce-*'^. 



EXEKCISES. 

1. If ^ (a?) = - — -^ , determine ^^ (cc). 

2. If ^ (a?) = 2a^— 1, determine ^*(a?). 

3. If -^Ir (t) = and '^* (t) = -z^ — ^, shew, by means 

of the necessary equation '^n|r*(«) = ^fr''^^ (t)y that 

a e c — b 
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4. Shew hence that '^*(^) may be expressed in the form 

a + hj 
l^-b + c + et' 

the equation for determining b^ being 

iJbx+i + cbx+i-bb^-(^=0, 

and that results equivalent to those of Ex. 5, Art. 2, may 
hence be deduced. 

5. Solve the equation f{x) +/(y) =/(i» +y). 

6. Find the value, to x terms, of the continued fraction 

2 



2 

^■^T + &c. 

7. What particular solution of the equation 

is deducible by the method of Art. 7 from the equation 

f{x) + w/y = a + n^ (x). 

8. Required the equation of that class of curves in which 
the product of any two ordinates, equidistant from a certain 
ordinate whose abscissa a is given, is equal to the square of 
that abscissa. 

9. If wx be a periodical ftinction of x of the n^ degree, 
shew that there will exist a particular value of /(tt) x expres- 
sible in the form 

a^ + a^Trx + a^Ti^x ... +a^j7r""^aj, 

and shew how to detenhine the constants a^, a^, a, ... a^^. 
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10. Shew hence that a particular integral of the equation 
will be 

11. The complete solution of the above equation will be 
obtained by adding to the particular value of x the comple- 

4tan~]« 

mentary fdnction (7a » . 

12. Solve the simultaneous fdnctional equations 

{Smithes Prize Examination, 1860.) 
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CHAPTER XIL 



GEOMETRICAL APPLICATIONS. 



1. The detennination of a curve from some property con- 
necting points separated by finite intervals usually involves 
the solution of an equation of differences, pure or mixed, or 
more generally of a functional equation. 

The particular species of this equation will depend upon 
the law of succession of the points under consideration, and 
upon the nature of the elements involved in the expression 
of the given connecting property. 

Thus if the abscissae of the given points increase by a 
constant difference, and if the connecting property consist 
merely in some relation between the successive ordinates, the 
determination of the curve will depend on the integration of 
a pure equation of differences. But if, the abscissae still in- 
creasing by a constant difference, the connecting property 
consist in a relation involving such elements as the tangent, 
the normal, the radius of curvature, &c., the determining 
equation will be one of mixed differences. 

If, instead of the abscissa, some other element of the 
curve is supposed to increase by a constant difference, it is 
necessary to assume that element as the independent variable. 
But when no obvious element of the curve increases by a 
constant difference, it becomes necessary to assume as in- 
dependent variable the index of that operation by which we 
pass from point to point of the curve, i. e. some number 
which is supposed to measure the frequency of the operation, 
and which increases by unity as we pass from any point to 
the succeeding point. Then we must endeavour to form two 
equations of differences, pure or mixed, one from the law of 
succession of the points, the other from their connecting pro- 
perty ; and from the integrals eliminate the new variable. 
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There are problems in the expression of which we are led 
to what may be termed functional differential equations, i. e. 
equations in which the operation of diflFerentiation and an 
unknown ftmctional operation seem inseparably involved. In 
some such cases a procedure similar to that employed in the 
solution of Clairaut's differential equation enables us to effect 
the solution. 

2. The subject can scarcely be said to be an important 
one, and a single example in illustration of each of the dif- 
ferent kinds of problems, as classified above, may suflSce. 

Ex. 1. To find a curve such that, if a system of n right 
lines, originating in a fixed point and terminating in the 
curve, revolve about that point making always equal angles 
with each other, their sum shall be invariable. (Herschel's 
Examples^ p. 115). 

The angles made by these lines with some fixed line may 
be represented by 

n n n 

Hence, if r = {&) be the polar equation of the curve, the 
given point being pole, we have 

a being some given quantity. 

Let 6 = , and let A f — ) = w,, then we have 

w ' ^ \ n J 

ihe complete integral of which is 

. ^ 2irz ^ Anrz ^ (2n — 21 tt^j 
u^^a+ C. cos h (7- cos — ... + G. , cos ^ — . 
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Hence we find 

r = a4- G^coa9+ (7, cos 2^ ... + C»_jCOS (n— 1) 0^ 

the analytical form of any coefficient Gi being 

(7, = -4 + jBj cos nO + B,co8 2n^ + &Co 
+ ^j sin w^ + E^ sin 27i^ + &c., 
Ay jBj, -Ej, &c., being absolute constants. 

The particular solution r = a + b cos gives, on passing to 
rectangular co-ordinates, 

and the curve is seen to possess the property that " if a system 
of any number of radii terminating in the curve and making 
equal angles with each other be made to revolve round the 
origin of co-ordinates their sum will be invariable." 

Ex. 2. Required the curve in which, the abscissae in- 
creasing by a constant value imity, the subnormals increase 
in a constant ratio 1 : a. 

Representing by y^. the ordinate corresponding to the ab- 
scissa a?, we shall have the equation of mixed differences 

y^^av ^^ = m 

^'dx ""^^^ dx ^ W- 

Lety,-^' = w^, then 

w, — aw^j=0; 

/. Ug. = Ca", 
whence 

>'t=^'^" (2)- 

Hence integrating we find 

y, = '^{C,ar + c) (3), 

Cj being a periodical constant which does not vary when x 
changes to a; + 1, and c an absolute constant. 
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Ex. 3. Required a curve such that a ray of light pro-* 
ceeding from a given point in its plane shall after two renec- 
tions by the curve return to the given point. 

The above problem has been discussed by Biot, whose 
solution as given by Lacroix [Diff. and Int. Ualc. Tom. ill. 
p. 588) is substantially as follows : 

Assume the given radiant point as origin; let x,7/ be the 
co-ordinates of the first point of incidence on the curve, and 

x', y those of the second. Also let -^^p, --f-t =i?'. 

It is easily shewn that twice the angle which the normal 
at any point of the curve makes with the axis of x is equal 
to the sum of the angles which the incident, and the corre- 
sponding reflected ray at that point make with the same 
axis. 

Now the tangent of the angle which the incident ray at 
the point x, y makes with the axis of a; is ^ . The tangent 
of the angle which the normal makes with the axis of x is 

, and the tangent of twice that angle is 

p 2p 



1-'^-^" 



P 

Hence the tangent of the angle which the ray reflected from 
X, y makes with the axis of x is 

2p y 

1 + J2_^ ^ (^ -/) + ^i^ 

1 —j^ X 

Again, by the conditions of the problem a ray incident from 
the origin upon the point aj', y' would be reflected in the samA 
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Straight line, onlj in an opposite direction. But the two 
expressions for the tangent of inclination of the reflected ray 
being equal, 

Stey-y'd-p") 2xp-y{l-p*) _ . 

x' (1 -y) + 2yy x{i-p')+2yp~ ^'' \ 

while for the equation of that ray, we have 

2^-ya-/)^ . 

^ y-x{l-p')+2yp^'' ^^ ^^'- ] 

Now, regarding x and y as functions of an independent 
variable z which changes to « + 1 in passing from the first 
point of incidence to the second, the above equations become 

The first of these equations gives 

2xpj-^y (1 -J?*) ^ ^ , . 

X (1 -p^)+2yp ^^' 

whence by substitution 

Ay = G^x. 

Therefore 

y^Gx^-C. 

Here G and G' are primarily periodic functions of z which 
do not change when 2? becomes 2? + 1. Biot observes that, if 
C be such a ranction, <^ ( (7) , in which the form of is arbitrary, 
will also be such, and that we may therefore assume (7'=^(0), 
whence 

y=Cx+ <!>{€!), 

and, restoring to G its value in terms of a;, y, and p given in 
(4), we shall have 
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This is the differential equation of the curve. 

Although Lacroix does not point out any restriction on the 
form of the function </>, it is clear that it cannot be quite 
arbitrary. For if (7= -^(2), we should have 

and then, giving to some functional form to which ^jt is 
inverse, there would result 

so that C* would change when z was changed into « + 1. From 
the general form of periodic constants, Chap, il., it is evident 
*that a rational function of si^ch a constant possesses the same 
character. Thus the differential equation (5) is applicable 
when indicates a rational function, and generally when it 
denotes a functional operation which while periodical itself 
does not affect the periodical character of its subject. 

If we make the arbitrary function 0, we have on reduction 

the integral of which is 

aj« + 2^ = r«, 
denoting a circle. 

* It is only while writing this Chapter that a general interpretation of this 
equation has occurred to me. Its complete primitiye denotes a family of cnrves 
defined by the following property, viz. that the caustic into which each of tibese 
curves would reflect rays issuing from the origin would be identical with the 
envelope bf the system of straight lines defined by the equation y = ciP+4>(e), 
€ being a variable parameter. This interpretation, which is quite irrespective of 
the form of the function <f>, confirms the observation in the text as to the necessity 
of restricting the form of that function in the problem there discussed. I regret 
that I have not leisure to pursue the inquiry. 

I have also ascertained that the differential equation always admits of the fol- 
lowing particular solution, viz. 

(y-^)« + (x-B)«=0, 
A and B being given by the equation 
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K we make the arbitrary fdnction a constant and equal to 
2a, we find on reduction 

{a;»- (2^ -a)'+a*}j? -a; (y- a) (1 -p*) = 0, 
the complete primitive of which {Diff. Equations, p. 135), is 

the equation of an ellipse about the focus. 

3. The following once famous problem engaged in suc- 
cession the attention of Euler, Biot, and Poisson. But the 
subjoined solution, which alone is characterized by unity and 
completeness, is due to the late Mr Ellis, Cambridge Journal^ 
Vol. III. p. 131. It will be seen that the problem leads to 
a functional differential equation. 

Ex. 4. Determine the class of curves in which the square 
of any normal exceeds the square of the ordinate erected at 
its foot by a constant quantity a. 

If y^^'^{x) be the equation of the curve, the subnormal 
win be ^ ^ ^ , and the normal squared '>^{x) + y ^^ I , TJie 
equation of the problem will therefore be 

+w+i*^}*-fj«+*^}- (.). 

Differentiating, we have 

which is resolvable into the two equations, 

V ix) 
1+^ = (2), 



^'H+f'|« + t^} = (3). 
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The first of these gives on integration 

'^(a;)+a;' = aaj + y8 (4). 

Substituting the value of -Jrfa;), hence deduced, in (I), we 
find as an equation of condition 

a = 0, 
and, supposing this satisfied, (4) gives 

the equation of a circle whose centre is on the axis of a?. 
It is evident that this is a solution of the problem, supposing 

a = 0. 
To solve the second equation (3), assume 

and there results 

(x)'^-2x(aj)+a: = (5). 

To integrate this let x = Ut,x (^) ^ ^<fi> *^^ ^^ he^Ye 

u^ - 2w^, + w, = 0, 
whence 

G and C being functions which do not change on changing 
t into « + l. If we represent them by P{t) and P^{t)^ we 
have 

M, = P(0+<i\(<), 
M^, = P(<) + («+l)P,(<), 

whence, since u,—x and u^,^ = j^ (a;) = a; + Ji/r' {x), 

we have 

x = P{t) + tP,{t), 

\^'{x) = PM 
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^' (a;) dx = P, («) {F{t) + P.(«) + tP; {t)}dt, 
^{x) =JP,t{P{t) +P,{t) +tPMdt. 

Replacing therefore -^fr {x) by y*, the solation is expressed 
by the two equations, 

X = P{t) + tP,{t) . 

y'=SP,{t){P{t)+P,{t) + tPMM ^'' 

from which, when the forms of P(<) andPj(^) are assigned, 
t must be eliminated. 

If we make P{t) = a, P^ {t) = yS, thus making them constant, 
we have 

x = a + l3t, 
Therefore eliminating t and substituting e for c — ay3, 

Substituting this in (1), we find 

-^ „ 

Thus, in order that the solution should be real, a must be 
negative. Let a = — A^, then ^ = + 2A, and 

y'= + 2AiB + e (7), 

the solution required. This indicates two parabolas. 

If a = 0, the solution represents two straight lines parallel 
to the axis of x. 
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EXEKCISES. 

1. Find the general equation of curves in which the 
diameter through the origin is constant in value. 

2. Find the general equation of the curve in which the 
product of two segments of a straight line drawn through 
a fixed point in its plane to meet the curve shall be in- 
variable. 

3. If in Ex. 4 of the above Chapter the radiant point be 
supposed infiniteljr distant, shew that the equation of the 
reflecting curve will be of the form 



y-^**&)- 



being restricted as in the Example referred to. 

4. If a curve be such that a straight line cutting it 
perpendicularly at one point shall also cut it perpendicularly 
at another, prove that the differential equation of the curve 
will be 

<j> being restricted as in Ex. 4 of this Chapter. 

6. Shew that the integral of the above differential equa- 
tion, when the form of ^ is unrestricted, may be interpreted by 
the system of involutes to the curve which is the envelope of 
the system of straight lines defined by the equation 

m being a variable parameter. 



B. F. D. "^^ 
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MISCELLANEOUS EXAMPLES- 

Sdeeted chiefly from tlte Senate-Hotue Hxcmdnation Papers. 

1. Prove the following properties of differences of : 

(1) /(A)0- = (n + l)j^^^O«. 

(2) /(A) 0»^^ = (1 + A)/(A) 0\ 

2. If f{t) = ±f(j\ + G, shew that 

/(2))0^'=0, or /(i>) 0^ = 0, 
according as the upper or lower sign is taken. 

3. Shew that 

f{D) (f cos vnjx = rc^ cos (iwa? + 6) ; 
where 

r cos 6 =f{P) c^ cos (0 . m), 

r sin ^ =/(i>)a° sin (O.m), 
in which D operates on 0. 

4. If yS;. = !*• + 2^+ ... + ar^ shew that 

ri being a positive integer. 

5. If a^-^a^x-^a^-\- ,.. = <\}{x), and w^, u^, u^, ... be suc- 
cessive values of any function independent of x, shew that 

= J [S {a'^-^^M} ^0 + S {a"-^y(aa.)} At.,(r + ...], 

when S denotes summation with respect to values of a which 
are roots of the equation a" — 1 = 0. 
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6. If Wa. = a + Aa?, and z^, z^^ ... z^ be the roots of the 
equation 

prove that 

+ {p^A\0'+p^^A\0'+...)Y^h-'^ 

+ 

+ (;>_ A^ 0^ +p_., A^ 0- + ...) '''i^v;;,'^-"^ ^"^'^ 

+ 

7. If jBj, -Bg, ... be Bernoulli's numbers, prove that 

8. Assuming that 

« . . 1 1 2 1 8 ^9 4 . 

= 1 +-« - r^T^* + — «°- ~r- 2?*+ ..., 



log (1 + 2?) 2 12 24 720 
shew that 

1 19 1 

where ^ — a = nAa;, and w^,, w^, ...w^ are successive values of 
{x) at equal intervals from a; = a to a? = ^. 

9. Shew that 



satisfies the equation 

^^n _ A 

w being any function of x. 
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If a regular polygon, which is inscribed in a fixed circle, 
be moveable, and if x denote the variable arc between one 
of its angles and a fixed point in the circumference, and z^ 
the ratio, multiplied by a certain constant, of the distances 
firom the centre of the feet of perpendiculars drawn from the w* 
and (w— 1)*** angles, counting fi-om-^, on the diameter through 
the fixed point, prove that ^^ is a fimction which satisfies the 
equation. 

10. If (2) = (x) <f> (y), where z is a, function of x and y 
determined by the equation f{z) —f{x)f{y)^ find the form 
of 0(a?). 
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ANSWERS TO THE EXERCISES. 



II. 11. Jl+t-i-i/' + ^A. 



III. 1. 2-3263359, which is true to the last figure. 

^. ^«- 10 '^8 Jo 

3. jc»-aj + 4. 



IV. 1. 385. 2. I- ^^"^"-^^ 



9 6(ic + 2)(ic + 3)(ic + 4) 



2 4'** x-l 
"^^ 3^"F'''a; + 2' 



^ 1 - a cos tf + a'^^ cos (a? + 1) tf — a'cos ocO 

1 — 2a cos 6 + a' 

7. Assume for the form of the integral 



^x^,+l-«^.+-.-« ' 



and then seek to determine the constants. 

n 

8. cot ^ - cot {2'"0). 11. Refer to p. 62. 

sinm(2aj-l) ., . cosm(2aj)^ ,, . sinm(2a;+l) .o., v 

2smm ^ ' (2smm) ^^ ^ (2smm)r ^^ '^ 

cosm(2a; + 2) ..,, . sin m(2a;+ 3) .4,, v , « 

(2smm)* ^^ ' (2sinw) ^ ' 
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V. 1. - -- and — ( 77 - tan~* - ) , which, if a = 1, reduce t 
a 2 a \2 a) ' 



rr and T. 
2 4 



VI. 1. 7-4854709. 2. 2567-6046. 

_ 1 1 1 1 . 

VII. 1. 1st. M= " ('^"'"2~~l)' ^'^**" Sesame. 

3rA 1 7 r^ q \ AV +a!AM,- «,= 0. 

4th. (^)' + a" (^ - «) = 0. 5th. The same. 
2. «, = c,(-ir + c.(4)-. 



SB 



3. «. = c.(-l)'^c.(4r^ ^._3^_^ . 

4. w_ = c»^ ^a*^ * 4- -^ . 

' ^ 1 — op 

e. cos n (x — \) — a co^nx ^ , 

5. w, = ^ ^ + (7a'. 

a— 2a cos n + 1 

6. «,= (c. + c.a>)(-2)'+|-l:. 

7. Note that this may be put in the form 

w, - 3 sin (mc) w»_j+ 2 sin {irx) sin {tt (oj - 1)} ««._,= 0. 
The final integral is w, = (sin irx)' {c^ + Cj(2)'}. 
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9 3 



ft / i\«/ . x(x-l)(x-2) 3 , -. 
9. u,= {--l)'{c,-^c^x)+^ -^ l^-x{x-l)-^ 

,= (m* + ny < Cj cos f a; tan"^ —j+c^sinlx tan"* — j [ 



10 2^. 



n ^ 



13. Express it first in the symbolical form 



a!(af-l) x(x-l) 



14. u,= a « {c+c/Sa * }. 

15. Express it in the form (I) ^a){D- or') = 0. 

16. u,= Ja tan (C^ cos— 5- + C^sin-^- j . 

17. u^=A + Ba*+ Ca^, where a is an imaginary cube root of 
unity, and A, B, C are connectad by the condition 

A^-hB' + C^=3A{a-^BC). 

18. Divide by UgU„_^_jUj,^^y and then compare with the last 
example. 

VIII. 1. y = ^aj_^(-l)'+a 3. The complete 
primitive is of the first degree with respect to the constants. 

^ 1 + a ^ ^ {l+ay 

IX. 2. Yes. 

X. 1. u,=zc^ + c^(-iy+mx, v^ = c^-c^{-l)' -m{x-^l). 

2. u, = c^ + c, (- 1)% v, = c, -c, (- 1)'. 

3. w,=^ + f ^cos-^+(7sm— j(- 1)'4--^^ ^ ^ , 
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t?,= il + f J5 cos -i-5 — ^ + (7 sin —^-5 — ^ 1 (- 1)' + ^ J- — ^ . 



5. w,..v=a' (^) <^, ^^^'^^{d^ *«^^' "^^^^ a and ^ are 
roots of m* — fl^w + 6 = 0. 

6. w, . y= a? (2^ + a: - 1 ) + <^ (y + a). 

XL 1. WW-i ;^^^^^^^^^^_^^ - (-=2-> 
2. <^*(x) =i {(a! + n/*' - 1)- + (a? - s^?^*}. (w» = 2"). 

6. / («) = ex. 6. 2,+j _|_ /_ j\. • 

7. /(a:) = | + <^(«)-.^(l). 

8. y = C€*^*~***, ^a;) denoting an even function of x. 

9. Develope/(7r) in ascending powers of ir, and apply the 
conditions of periodicity. 

12. ^ (aj) = tan TWic. 
i/r (a;) = sec mx. 

MISCELLANEOUS EXAMPLES. 

7. For some remarks on this problem see Quarterlt/ Jov/md 
of Ma/thematicSj Vol. iii. p. 262. 8. See De Morgan's CoZcui^tif, 
Ch. XIII. Arts. 61, 67. 10. <^ {x) = {/(a;)}". 
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*»* The First Fart is now ready for delivery. 

MAXWELL.— The Stability of the Motion of Saturn's Rings; 

By J. C. MAXWELL, M.A. Professor of Natural Philosophy in the Uni- 
versity of Aberdeen. 4to. sewed, 6#. 
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MOORE.— A New Proof of the Method of Algebra commonly 

called " Greatest Common Measure." B7 B. T. MOORE, B.A., Fellow of 
Pembroke College, Cambridge. Crown 8vo. 6d. 

MORGAN.— A Collection of Mathematical Problems and 

Examples. Arranged in the Different Subjects progressively, with Answers 
to all the Questions. By H. A. MORGAN, M.A., Fellow .of Jesus Col- 
lege. Crown 8vo. cloth, 6». 6d. 

MORSE.— Working for God, and other Practical Sermons. 

By FRANCIS MORSE, M.A. Incumbent of St. John's, Ladywood, Bir- 
mingham. Second Edition. Fcap. 8vo. cloth, B$, 

NAPIER.— Lord Bacon and Sir Walter Raleigh. 

Critical and Biographical Essays. By MACYEY NAPIER, late Editor 
of the Edinburgh Review and of the EncyclopsBdim BriUumiea, Pott Bvo. 
cloth, 7«. 6d, 

NORWAY AND SWEDEN.— A Long Vacation Ramble in 

1856. By X and Y. Crown 8vo. cloth, 6«. 6d, 

OCCASIONAL PAPERS on UNIVERSIT7 and SCHOOL 

MATTERS ; containing an Account of ail recent VniTersity Subjects and 
Changes. Two Parts are now ready, price 1«. each. 

PARKINSON.— A Treatise on Elementary Mechanics. 

For the Use of the Junior Classes at the University, and the Higher Ckwses in 
Schools. With a Collection of Examples. By S. PARKINSON, B.D. Fellow 
and Assistant Tutor of St. J ohn's College, Cambridge. Crown 8y 0. cloth, 9«. W. 

PARKINSON.— A Treatise on Optics. 

Crown 8to. cloth, 10«. 6d. 

PARMINTER.— Materials for a Grammar of the Modem 

English Language. Designed as a Text-book of Classical Grammar for the 
use of Training Colleges, and the Higher Classes of English Schools. By 
GEORGE HENRY PARMINTER, of Trinity College, Cambridge; Rector 
of the United Parishes of SS. John and George, Exeter. Fcap. Svo.cloth, S«. 6d. 

PEROWNE.-" Al.Adjrumiieh." 

An Elementary Arabic Grammar. By J. J. S. PEROWNE, B.D. Lecturer 
in Divinity in King's College, London, and Examining Chaplain to the 
Lord Bishop of Norwich. 8yo. cloth, 5«. 

PHEAR.— Elementary Hydrostatics. 

By J. B. Phear, M.A. Fellow of Clare College, Cambridge. Second 
Edition. Accompanied by numerous Examples, with the Solutions 
Crown 8to. cloth. 5$. 6d, 

PHILOLOGY.— The Jonmal of Sacred and Classical Philology. 

Vols. I to III. 8to. cloth, 12«. 6d. each. 

PLAIN RULES ON REGISTRATION OF BIRTHS AND 

DEATHS. Crown 8vo. sewed. Id, ; 9d. per dozen ; 5«. per 100. 
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PLATO— The Republic of Plato. 

Translated Into English, with Notes. By Two Fellows of Trinity College, 
Cambridge, (J. LI. Davies M.A., and D. J. Vaughan, M.A.) Second 
Edition. 8vo. cloth, lOs. 6d. 

PRATERS FOR WORKING MEN OF ALL RANKS : 

Earnestly designed for Family Devotion and Priyate Meditation and Prayer. 
Feap. 8vo. cloth, red leaves, 2a. 6d. Common Edition, \a. 9d. 

PRINCIPLES of ETHICS according to the NEW TESTA- 

MENT. Crown 8vo. sewed, 2s. 

PROCTER.--A History of the Book of Common Prayer : with 

a Rationale of its Offices. By FRANCIS PROCTER, M.A., Vicar of Witton. 
Norfolk, and late Fellow of St. Catherine's College. Fonrth Edition, 
revised and enlarged. Crown 8vo. cloth, 10«. 6d. 
*»* This forms part of the Series of Theological Manuals. 

PUCKLE.—An Elementary Treatise on Conic Sections and 

Algebraic Geometry. With a numerous collection of Easy Examples pro- 
gressively arranged, especially designed for the use of Schools and Beginners. 
By 6. HALE PUCKLE, M. A., Principal of Windermere College. Second 
Edition, enlarged and improved. Crown 8vo. cloth. 7«. Bd, 

RAMSAY.— The Catechiser's Manual; or, the Church Cate- 
chism illustrated and explained, for the use of Clergymen, Schoolmasters, 

and Teachers. By ARTHUR RAMSAY, M.A. of Trinity College, 

Cambridge. 18ino. cloth, S«.6<<. 

REICHEL.— The Lord's Prayer and other Sermons. 

By C. P. REICHEL, B.D., Professor of Latin in the Queen's University ; 
Chaplain to his Excellency the Lord-Lieutenant of Ireland; and late Don- 
nellan Lecturer in the University of Dublin. Crown 8vo. cloth, 7a. 6d. 

ROBINSON.-— Missions nrged upon the State, on Grounds 

both of Duty and Policy. By C. K. ROBINSON, M.A. Fellow and Assistant 
Tutor of St. Catherine's College. Fcap. 8vo. cloth, 3$. 

ROWSELL.-THE ENGLISH UNIVERSITIES AND THE 

ENGLISH POOR. Sermons Preached before the University of Cambridge. 
By T. J. ROWSELL, M.A. Incumbent of St. Peter's, Stepney. Fcap. 8yo. 
cloth limp, red leaves, 2s. 

RUTH AND HER FRIENDS. A Story for Girls. 

With a Frontispiece. Third Edition. Royal 1 6mo. extra cloth, giltleaves, Sa. 

SALLUST.— Sallust for Schools. 

With English Notes. Second Edition. By CHARLES MERIVALE. 
B.D.; late Fellow and Tutor of St. John's College, Cambridge, &c.. Author 
of the ** History of Rome," &c. Fcap. 8vo. cloth, 4«. 6d. 
•* The Jugurtha" and '• The Catilin a " may bb had sepabatxly, price 2s. 6d. 

EACH IK CLOTH. 

SANDARS.-BY THE SEA, AND OTHER POEMS, 

By EDMUND BANDARS, of Trinity Hall, Cambridge. Fcap. 8vo. 
cloth, 4s. Gd. 

SCOURING OF THE WHITE HORSE; or, The Long 

Vacation Ramble of a London Clerk. By the Author of "Tom Brown's 
School Days." Illustrated by Dotle. Eighth Thousand. Imp. 16mo. 
cloth, elegant, 8s. 6d, 



MACMILLAN & CO.'S PUBLlCATiONS. 13 

SELWYN.-The Work of Christ in the World. 

Sermons preached before the University of Cambridge. By the RigM Kev. 
GEORGE AUGUSTUS SELWYN, D.D. Bishop of New ZeaUnd, formerly 
Fellow of St. John's College. Third Edition. Crown 8vo. 2s. 

SELWYN.-A Verbal Analysis of the Holy Bible. 

Intended to facilitate the translation of the Holy Scriptures into Foreign 
Languages. Compiled for the use of the Melanesian Mission. Small folio, 
cloth, 14*. 

SIMPSON.-An Epitome of the History of the Christian 

Church during the first Three Centuries and during the Reformation. With 
Examination Papers. By WILLIAM SIMPSON, M.A. Third Bdition. 
Fcp. 8vo. cloth, 5s. 

SMITH.— City Poems. 

By ALEXANDER SMITH, Author of "A Life Drama." and other Poems. 
Fcap. 8vo. cloth. 5s. 

SMITH.— Arithmetic and Algebra, in their Principles and 

Application: with numerous systematically arranged Examples, taken from 
the Cambridge Examination Papers. By BARNARD SMITH, M.A.. Fellow 
of St. Peter's College, Cambridge. Sixth Edition. Crown 8vo. cloth, 
lOs. 6d. 

SMITH.— Arithmetic for the use of Schools. 

Neixr Bdition. Crown 8vo. cloth, is. 6d. 

SMITH.— A Key to the Arithmetic for Schools. 

Crown Svo. clotJi, Bs. 6d. 

SNOWBALL— The Elements of Plane and Spherical 

Trigonometry. By J. C. SNOWBALL, M.A. Fellow of St. John's College, 
Cambridge. Ninth Edition. Crown 8to. cloth, 7s. 6d. 

SNOWBALL.— Introduction to the Elements of Plane Trigo- 
nometry for the use of Schools. Second Bdition. Svo. sewed, 5s. 

SNOWBALL. — The Cambridge Course of Elementary 

Mechanics and Hydrostatics. Adapted for the use of Colleges and Schools. 
With numerous Examples and Problems. Fourth Bdition. Crown Svo. 
cloth, 5s. 

SWAINSON.— A Handbook to Butler's Analogy. 

By C. A. SWAINSON, M.A. Principal of the Theological College, and 
Prebendary of Chichester. Crown Svo. sewed, 2s. 

SWAINSON.— The Creeds of the Church in their Relations 

to Holy Scripture and the Conscience of the Christian. Svo. cloth, 9«. 

SWAINSON.— THE AUTHORITY OF THE NEW TESTA- 
MENT; The Conviction of Righteousness, and other Lectures, delivered 
before the University of Cambridge. Svo. cloth, 12s. 

TAIT and STEELE.— A Treatise on Dynamics, with nume- 
rous Examples. By P. G. TAIT, Fellow of St. Peter's College, Cambridge, 
and Professor of Mathematics in Queen's College, Belfast, and W. J. STEELE, 
late Fellow of St. Peter's College. Crown Svo. cloth, 10a. Qd. 

TAYLOR.— The Restoration of Belief. 

By ISAAC TAYLOR, Esq., Author of "The Natural History of Enthu- 
siasm." Crown Svo. cloth, S». 6d. 
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THEOLOGICAL MannaJs. 

CHURCH HISTORY: DURING THE MIDDLE AGES AND THE 

REFORMATION (a.d. 590—1600). By ARCHDEACON HARDWICK. 

With Four Maps, 2 vols. Crown 8yo. cloth, price 10*. 6<f. each. 
THE COMMON PRAYER: ITS HISTORY AND RATIONALE. By 

FRANCIS PROCTER. Fourth Edition. Crown 8vo. cloth, 10«. 6<i. 
HISTORY OF THE CANON OP THE NEW TESTAMENT. By 

B. F. WESTCOTT. Crown 8vo. cloth, 12#. 6d, 
*»* Others are in progress, and will be announced in due time. 

THRING.— A Construing Book. 

Compiled by the Rev. EDWARD THRING, M.A. Head Master of Up- 
pingham Grammar School, late Fellow of King's College, Cambridge. Fcap. 
Svo. cloth, 2«. 6d. 

THRING.— The Elements of Grammar taught in English. 

Second Edition. ISmo. bound in cloth, 2«. 

THRING.— The Child's Grammar. 

Being the substance of the above, with Examples for Practice. Adapted for 
Junior Classes. A Nev7 Edition. ISmo. limp cloth, I «. 

THRING.— Sermons delivered at Uppingham School. 

Crown Svo. cloth, 5». 

THRING.-School Songs. 

A Collection of Songs for Schools. With the Music arranged for four Voices. 
Edited by EDWARD THRING, M.A., Head Master of Upphigbam School, 
and H. RICCIUS. Small folio, 7s. ed. 

THRUPP.— Antient Jerusalem : a New Investigation into the 

History, Topography, and Flan of the City, Environs, and Temple; Designed 
principally to illustrate the records and prophecies of Scripture. With Map 
and Plans. By JOSEPH FRANCIS THRUPP, M.A. Vicar of Bairington, 
Cambridge, late Fellow of Trinity College. Svo. cloth, 15«. 

THUGYDIDES, BOOK VI. With English Notes, and a Map. 

By PERCIVAL FROST, Jun. M.A. late Fellow of St. John's College, 
Cambridge. Svo. 7s. 6d. 

TODHUNTER.— A Treatise on the Differential Calculus. 

With numerous Examples. By I. TODHUNTER, M.A., Fellow and 
Assistant Tutor of St. John's College, Cambridge. Second Zidition, 
Crown Svo. cloth, lOs. 6d, 

TODHUNTER.— A Treatise on the Integral Calculus. 

With numerous Examples. Crown Svo. cloth, lOs. 6d, 

TODHUNTER. — A Treatise on Analytical Statics, with 

numerous Examples. Second Edition. Crown Svo. cloth, I0s,6d, 

TODHUNTER.-A Treatise on Conic Sections, with 

numerous Examples. Second Edition. Crown Svo. cloth, lOj.Sd. 

TODHUNTER.— Algebra for the use of Colleges and Schools. 

Crown Svo. cloth, 7s. 6d. 

TODHUNTER.— Plane Trigonometry for Colleges and 

Schools. Crown Svo. cloth, 5s. 

TODHUNTER.-A Treatise on Spherical Trigonometry for 

the Use of Colleges and Schools. Crown Svo. cloth, 4s. 6d. 
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TODHUNTER.— Examples of Analytical Geometry of Three 

Dimensions. Crown 8vo. cloth, 4«. 

TOM BROWN'S SCHOOL DAYS. 

By AN OLD BOY. Sixth Edition. Crown 8vo. cloth, I0«. 6d, 

TRENCH.— Synonyms of the New Testament. 

By The Very Rev. RICHARD CHENEVIX TRENCH, D.D. Dean of West- 
minster. Fourtli Edition. Fcap. 8vo. cloth, 5s, 

TRENCH.— Hulsean Lectures for 1845—46. 

Contents. 1.— The Fitness of Holy Scripture for unfolding the Spiritual Life 
of Man. 2. — Christ the Desire of all Nations ; or the Unconscious Pro- 
phecies of Heathendom. Fourth Edition. Foolscap 8vo. cloth, 5«. 

TRENCH.— Sermons Preached before the University of Cam- 

biidge. Fcap. 8vo. cloth, 2s. 6d. 

VAUGHAN.- Notes for Lectures on Confirmation. With 

suitable Prayers. By C. J. VAUGHAN, D.D., Head Master of Harrow 
School. Second Edition. Limp cloth, red edges, Is, 6d, 

VAUGHAN.— St. Paul's Epistle to the Romans. 

The Greek Text, with English Notes. By C. J. VAUGHAN, D.D. 8to. 
cloth, 7s. 6d. 

VAUGHAN.-MEMORIALS OF HARROW SUNDAYS. 

A Selection of Sermons preached in Harrow School Chapel. By C. J. 
VAUGHAN, D-D. With a View of the Interior of the Chapel. Crown 8vo. 
cloth, red leaves, lOs, 6d, 

VAUGHAN.— Sermons preached in St. John's Church, 

Leicester, during the years 1855 and 1856. By DAVID J. VAUGHAN, M.A. 
Fellow of Trinity College, Cambridge, and Incumbent of St. Mark's, White- 
chapel. . Crown 8vo. cloth, 58. 6d, 

VAUGHAN.— Three Sermons on The Atonement. With a 

Preface. By D. J. Vaughan, M.A. Limp cloth, red edges. Is. %d. 

WAGNER.— Memoir of the Rev. George Wagner, late of St. 

Stephen's, Brighton. By J. N. SIMPKINSON, M.A. Rector of Brington, 
Northampton. Second Edition. Crown 8vo. cloth, 9s. 

WATSON AND ROUTH.-CAMBRIDGE SENATE HOUSE 

PROBLEMS AND RIDERS. For the Year 1860. With Solutions by H. 
W. WATSON, M.A. and K J. ROUTH, M.A. Crown 8vo. cloth, Is, 6d. 

WESTCOTT.— History of the Canon of the New Testament 

during the First Four Centuries. By BROOKE FOSS WESTCOTT, M.A., 
Assistant Master of Harrow School ; late Fellow of Trinity College, Cam- 
bridge. Crown 8vo. cloth, 12s. 6d. 

*«* This forms part of the Series of Theological Manuals. 

WESTCOTT. — Characteristics of the Gospel Miracles. 

Sermons preached before the University of Cambridge. With Notes. By 
B. F. WESTCOTT, M.A., Author of "History of the New Testament 
Canon." Crown 8vo. cloth, is. 6d. 

WHEWELL.-THE PLATONIC DIALOGUES FOR 

ENGLISH READERS. By W. WHEWELL, D.D. Vol. I. Fcap. 8vo. 
cloth, 7s. 6d. 
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WHITMOSE— Gilbert Marlowe and Other Poems. 

With 8 Preface by the Author of *' Tom Brown's Schooldays." Feap. 8to. 
cloth, S«. Bd, 

WILSON.— The Five Gateways of Knowledge. 

By GEORGE WILSON, M.D., F.R.S.E., Regius Professor of Tedmology in 
the University of Edinburgh. Second Bditlon. Fcap. Svo. cloth, 2«. 6tf. 
or in Paper Covers, U. 

WILSON.— The Progress of the Telegraph. 

Fcap. Svo. I«. 

WILSON —A Treatise on Dynamics. 

By W. P. WILSON, M.A., Fellow of St. John's, Cambridge, and Professor of 
Mathematics in the University of Melbourne. Svo. bds. 9«. 6d. 

WOLFE.-ONE HUNDBED AND FIFT7 OBIGINAL 

PSALM AND HYMN TUNES. For Four Voices. By ARTHUR 
WOLFE, M.A., Fellow and Tutor of Clare College, Cambridge.^ Oblong 
royal Svo. extra cloth, gilt leaves, 10«. 6d. 

WORSHIP OF GOD AND FELLOWSHIP AMONG MEN- 

A Series of Sermons on Public Worship. Fcap. Svo. cloth, 8m. M. 

By F. D. Maurxcs, M.A. T. J. Rowsxll, M.A. J. Ll. Davixs, M.A. 

and D. J. Vaughan, M.A. 

WRIGHT.— The Hiad of Homer. 

Translated into English Verse by J. C. WRIGHT, M.A. Translator of Dan^. 
Crown Svo. Books I. — ^VI. 5«. 

WRIGHT.— Hellenica ; or, a History of Greece in Greek, 

as related by Diodorus and Thucydidea, being a First Greek Reading 
Book, with Explanatory Notes, Critical and Historical. By J. WRIGHT, 
M.A., of Trinity College, Cambridge, and Head-Master of Sutton Coldfleld 
Grammar School. Second Edition, with a Vocabulary. ]2mo. 
cloth, Si. 6d. 

WRIGHT.— David, King of Israel 

Readings for the Youn^r. With Six Illustrations after SCHNORR. Royal 
16mo. extra cloth, gilt leaves, 5s. 

WRIGHT.-A Help to Latin Grammar; 

or, the Form and Use of Words in Latin. With Progressive Exercises. 
Crown Svo. cloth, 4*. 6d. 

WRIGHT.-The Seven Kings of Rome : 

An easy Narrative, abridged from the First Book of Livy by the omission of 
difficult passages, being a First Latin Reading Book, with Grammatical 
Notes. Fcap. Svo. cloth, 3«. 

WRIGHT.— A Vocabulary and Exercises on the " Seven 

Kings of Rome." Fcap. Svo. cloth, 2«. 6rf. 
*»♦ The Vocabulary and Exercises may also be had bound up with "The Seven 

Kings of Rome." Price 5*. cloth. 
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